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PREFACE. 


The  purpose  of  this  book  is  to  explain  the  scientific  principles  of 
the  action  of  '^  Prime  Motebs,"  or  machines  for  obtaining  motive 
power,  and  to  show  how  those  principles  are  to  be  applied  to 
practical  questions. 

It  has  been  deemed  advisable  to  prefix  to  the  Treatise  a  very 
brief  Historical  Sketch,  relating  chiediy  to  the  Steam  Engine,  the 
only  prime  mover  whose  history  is  known. 

The  body  of  the  work  oommenoes  with  an  Introdnction,  treating 
of  principles,  and  of  mechantcal  contrivances,  which  are  common 
to  all  prime  movers,  and  of  the  laws  of  the  strength  of  materials, 
so  fisur  as  they  are  applicable  to  those  machines.  Some  passages 
in  the  Introduction  are  extracted  from  a  previous  Treatise  on 
Applied  Mech€mie8y  and  ^bridged  or  amplified  as  may  be  required, 
in  order  to  suit  the  purpose  of  the  present  Treatise.  Such  passages 
are  indicated  by  the  letters  A,  M.,  with  a  reference  to  the  number 
of  the  corresponding  Article  in  that  work. 

The  first  part  following  the  Introduction  treats  of  the  use  of 
muscular  strength  to  obtain  motive  power. 

The  second  part  treats  of  prime  movers  driven  by  the  motion  of 
water  and  of  air,  including  water-pressure  engines,  waterwheels, 
tarbines,  and  windmills. 

The  third  and  largest  part  treats  of  engines  driven  by  the  me- 
chanical action  of  heat,  and  especially  of  the  steam  engine.  It  ex- 
phuns,  in  the  first  place,  the  phenomena  of  heat,  so  far  as  they  afiect, 
directly  or  indirectly,  mechanical  action  in  engines;  secondly, 
the  laws  of  combustion  and  properties  of  fuel,  and  the  principles 
upon  which  economy  of  fuel  depends;  thirdly,  the  laws  of  the 
action  of  h^t  in  producing  motive  power,  or  "Principles  of 
Thebmodtkamics,"  as  applied  to  the  various  engines  in  which  that 
action^takes  place,  and  especially  to  steam  engines  of  all  varieties ; 
fourthly,  the  nature  and  action  of  the  parts  of  furnaces  and  boilers; 
fifthly,  the  nature  and  action  of  the  mechanism  of  steam  engines. 

The  fourth  part  explains  the  principles  of  the  action  of  electro- 
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magnetic  engines;  but  very  briefly,  in  consideration  of  their  small 
importance  as  prime  movers,  and  absence  of  economy;  the  true 
practical  use  of  electro-magnetism  being,  not  to  drive  machineiy, 
but  to  make  signals;  and  the  subject  of  telegraphy  being  foreign 
to  the  purpose  of  this  work. 

The  principles  of  thermodynamics,  or  the  science  of  the  me- 
chanical action  of  heat,  are  explained  in  the  third  chapter  of  the 
third  part  more  fully  than  would  have  been  necessary  but  for  the 
fact,  that  this  is  the  first  systematic  treatise  on  that  science  which 
has  ever  appeared;  the  only  previous  sources  of  information  re- 
garding it  being  detached  memoirs  in  the  transactions  of  learned 
societies,  and  in  scientific  journals. 

The  experimental  and  practical  examples  used  to  illustrate  the 
application  of  the  principles  of  that  science,  and  of  rules  and  tables 
deduced  from  them,  are,  to  a  considerable  extent,  taken  from  the 
Author's  personal  observations  of  the  performance  of  marine  engines. 

At  the  end  of  the  book,  as  well  as  interspersed  through  it, 
are  various  tables,  useful  in  calculations  respecting  prime  movers, 
especially  the  steam  engfne;  and  many  of  those  tables  contain 
residts  which  have  never  before  been  published 

The  Author  has  endeavoured  to  the  best  of  his  ability  and 
recollection  to  acknowledge,  in  the  course  of  the  book,  the  sources 
from  which  he  has  derived  information.  For  much  of  that  informa- 
tion, for  opportunities  of  inspecting  furnaces,  boilers,  and  engines, 
making  experiments,  and  in  some  cases  for  drawings  of  engines, 
which  have  been  reduced  to  a  small  scale  to  illustrate  this  work, 
he  has  now  to  return  his  most  grateful  thanks  to  many  engineers, 
shipbuilders,  manufacturers,  and  men  of  science;  and  amongst  them 
to  Professor  Weisbach;  M.  du  Trembley;  Mr.  James  R. 
Napier;  Mr,  Fairbairn;  Dr.  Joule;  Dr.  William  Thomson; 
Professor  James  Thomson;  Messrs.  Neilson  &  Co.;  Messrs. 
Charles  Tennant  &  Co.;  Messrs.  R  Napier  &  Sons;  Messrs. 
Randolph,  Elder,  &  Co.;  Messrs.  Rowan  &  Co.;  Messrs.  Catrd 
&  Co.;  Messrs.  A.  More  <fe  Son;  Messrs.  Kitson,  Thompson,  & 
Hewitson;  Messrs.  Dunn,  HATTUiiSLEY,  &  Co.;  Messrs.  John 
Reid  &  Co.  ;  Messrs.  Scott  &  Co. ;  Messrs.  Henderson  &  Son; 
The  Lancefield  Forge  Company;  and  many  others. 

Glasgow,  22d  September,  1869.  W.  J.  M.  R. 
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ERRATA. 

Page  26,  line  16,/or  "  A B"  rearf  " C  B." 
„    82,  line  4  from  bottom, /or  «  36  "  read  «  26." 
„     96,  equation  8. /or  "  2-645  h^*  read  "  2-646  a  h  f." 
„  256,  line  13,/or  "215  b"  read  "  216.'* 
„  298,  line  6./or  «  3-86  "  read  "  38-6." 
„  396,  line  21,/or  •* pruning"  read  "priming." 
„  414,  line  6, /or  "second"  read  "minute." 
Pago  552,  after  line  10,  insert, — ^There  are  cases  in  which  the  preceding  (brmulse 
require  to  be  considerably  modified,  such  as  that  in  which  a  screw  propeller  works  in 
the  mass  of  water  that  is  dragged  alter  a  bluff-stemed  ship ;  but  such  cases  cannot  be 
thoroughly  investigated  except  in  connection  with  the  principles  of  ship-building. 


HISTORICAL  SKETCH, 

BEUinNO  CHIEFLY  TO 

THE  STEAM   ENGINE. 


Nations  are  wrongly  accused  of  havings  in  the  most  ancient  times, 
honoured  and  remembered  their  conquerors  and  tyrants  only,  and 
of  having  neglected  and  forgotten  their  benefactors,  the  inventors 
of  the  nsefol  arts.  On  the  contrary,  the  want  of  authentic  records 
of  those  benefactors  of  mankind  has  arisen  from  the  blind  excess  of 
admiration,  which  led  the  heathen  nations  of  remote  antiquity  to 
treat  their  memory  with  divine  honours,  so  that  their  real  history 
has  been  lost  amongst  the  fables  of  mythology. 

During  a  period  less  remote,  but  still  ancient,  the  improvers  of 
the  mechanical  arts  were  neglected  by  biographers  and  historians, 
from  a  mistaken  prejudice  against  practice,  as  being  inferior  in 
dignity  to  contemplation;  and  even  in  the  case  of  men  such  as 
Arcfaytas  and  Archimedes,  who  combined  practical  skill  with 
scientific  knowledge,  the  records  of  their  labours  that  have  reached 
our  times  give  but  vague  and  imperfect  accoimts  of  their  mechanical 
inventions,  which  are  treated  as  matters  of  trifling  importance  in 
comparison  with  their  philosophical  speculations.  The  same  pre* 
jndioe,  prevailing  with  increased  strength  during  the  middle  ages, 
and  aided  by  the  prevalence  of  the  belief  in  sorcery,  rendered  the 
records  of  the  progress  of  practical  mechanics,  imtil  about  the  end 
of  the  fifteenth  century,  almost  a  blank. 

These  remarks  apply,  with  peculiar  force,  to  the  histoiy  of  those 
machines  called  prime  movebs,  by  whose  aid  power  or  energy  is 
derived  from  natural  sources,  and  made  to  perform  work  for  human 
purposes.  It  would  be  vain  to  attempt  to  trace  the  history  of  the 
application  of  muscular  power,  water  power,  or  wind  power,  to  the 
driving  of  machinery.  With  the  exception  of  the  air  engine  and 
some  other  heat  engines,  and  the  electro-magnetic  engine,  which 
are  still  in  their  infancy,  the  steam  engine  is  the  only  prime  mover 
whose  history  is  known  with  any  certainty;  and  even  its  origin  is 
lost  in  antiquity. 

The  published  writings  on  the  histoiy  of  the  steam  engine  are 
very  numerous.     They  are  to  be  found  at  the  commencement  of  all 
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the  large  treatises  on  the  steam  engine,  such  as  Farey's,  Tredgold's, 
and  Mr.  Bourne's; — and  of  articles  on  the  same  subject,  and  on 
steam  nayigation,  by  Mr.  Scott  BusselL  The  most  complete  col- 
lection of  accounts  of  various  inventions  is  Stuart's  History  of  the 
Stecmh  Engine ;  a  book  now  very  scarce.  A  complete  and  exact 
history  of  the  more  important  steps  in  the  progress  of  the  steam 
engine  down  to  the  time  of  Watt,  and  of  the  inventions  of  Watt 
himself,  is  contained  in  Mr.  Muirhead's  MechaTiical  InverUions  of 
James  Wait,  and  Life  of  James  WaU;  works  specially  distinguished 
by  the  fullness  and  precision  with  which  original  documents  and 
authorities  for  facts  are  cited.  It  is  impossible  to  pursue  the  same 
course  within  the  limits  of  the  present  essay,  which  is  only  a 
brief  summaiy  of  the  leading  events  in  the  histoiy  of  the  steam 
engine. 

The  earliest  written  account  of  mechanism  in  which  heat  is  made 
to  perform  work  by  means  of  steam,  is  contained  in  the  PnemruUiea 
of  Hero  of  Alexandria,  who  flourished  about  130  b.c.  That  author 
describes  a  rotatory  engine,  or  steam  turbine,  driven  by  the  reaction 
of  jets  of  steam  issuing  from  orifices  in  revolving  aims,  and  also  an 
engine  in  which  the  pressure  of  steam,  or  of  heated  air  and  vapour 
mixed,  is  made  to  raise  liquid  by  expelling  it  from  a  receiver.  An. 
apparatus  similar  to  the  la^  is  described  by  Giovanni  Battista 
della  Porta,  in  his  Pnafumai^,  published  in  1601,  with  this 
addition,  that  the  condensation  of  steam  within  a  close  vessel  is 
described  as  a  means  of  producing  a  vacuum,  and  thereby  causing 
water  to  ascend  and  fill  the  vessel.  A  French  engineer,  Solomon 
de  Cans,  in  a  work  entitled  Les  Eadsons  des  Forces  Mowoami/es, 
published  in  1615,  described  a  machine  for  propelling  a  jet  of 
water  to  a  great  height  by  the  pressure  of  steam  evaporated  in  the 
same  vessel  from  whick  the  water  was  ejected  In  1629,  Branca 
described  an  engine,  in  which  a  wheel  was  driven  round  by  the 
impulse  of  steam  against  vanes.  The  Marquis  of  Worcester,  in  his 
work  called  A  CerUm^  of  the  Names  and  ScanUirigs  of  InventionSy 
&c.,  published  in  1663,  described  a  machine  for  raising  water  by 
the  pressure  of  steam.  So  far  as  the  description  is  intelligible,  it 
appears  that  this  machine  differed  from  that  of  De  Oaus,  in  having 
a  separate  boiler  for  the  production  of  the  steam  which  forced 
water  out  of  other  vessels^  and  it  appears  further,  from  the  Diary 
of  Cosmo,  Grand  Duke  of  Tuscany,  that  the  machine  of  the 
Marquis  of  Worcester  had  been  constructed,  and  was  in  operation 
at  Yauxhall,  in  1656.  It  is  probable,  that  in  the  time  of  the 
Marquis  of  Worcester,  the  action  of  steam  in  exerting  a  great  pres- 
sure when  confined  within  a  limited  space,  and  the  possibility  of 
raising  water  to  a  height  by  means  of  it,  had  become  generally  known 
to  persons  acquainted  wii^  mechanics,  and  that  the  original  part 
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of  his  macbine  was  the  M^xsmte  hoUery  without  which  it  would 
have  been  practically  U8ele8&  About  1697,  Savery  invented  an 
engine  in  which  water  was  not  only  (as  in  that  of  "Worcester)  forced 
above  the  level  of  the  engine  by  the  pressure  of  the  steam  &om  a 
separate  boiler,  but  was  fdso  raised  to  the  level  of  the  engine,  from 
a  lower  level,  by  the  pressure  of  the  atmosphere,  after  the  conden- 
sation of  the  steam  in  the  water  receiver  by  means  of  cold  water 
externally  applied.  This  engine  was  extensively  used  for  draining 
mines.  In  all  the  machines  hitherto  described,  the  steam  either 
acted  by  its  momentum  alone,  or  by  pressing  directly  on  the  surfisice 
of  water.  The  first  invention  of  the  'impoiiant  idea  of  making 
steam  afford  the  means  of  driving  a  piston,  which  should  com- 
municate motion  to  mechanism,  appears  to  be  due  to  Denis  Papin, 
who,  about  the  year  1690,  constructed  a  working  model,  comdsting 
of  a  vertical  cylinder  with  a  piston.  In  the  lower  part  of  the 
cylinder  was  placed  a  small  quantity  of  water.  On  placing  a  fire 
under  the  cylinder,  the  water  evaporated  and  lifted  the  piston ;  on 
removing  the  fire  ^m  the  cylinder,  or  the  cylinder  from  the  fire, 
the  steam  was  condensed,  and  the  piston  forced  down  by  the  pres- 
sure of  the  atmosphere.  Papin  proposed  that  engines  on  thiK 
principle  should  be  made  to  work  pumps,  and  also,  by  means  of 
rack  and  pinion  work,  and  ratchet  wheels,  to  drive  paddle  wheels  of 
vessels,  and  other  revolving  mechanism.  Papin  had,  about  ten 
years  before,  invented  the  safety  valve  for  boilers.  In  1705,  New- 
comen,  Saveiy,  and  Cawley,  combined  the  cylinder  and  piston  with 
the  separate  boiler,  and  with  surfiu^  condensation,  and  produced 
the  well  known  atmospheric  engine  for  pumping  mines.  They 
afterwards  rendered  the  condensation  more  rapid  and  complete  by 
injecting  a  shower  of  cold  water  into  the  interior  of  the  cylinder. 
Apparatus  for  enabling  the  engine  to  open  and  shut  its  own  valves 
was  introduced  by  Humphry  Potter,  and  improved  by  Beighton, 
The  hi^  pressure  engine  was  invented  in  1725,  by  Leupold. 
About  1770,  the  details  of  the  atmospheric  engine  were  much 
improved  by  Smeaton,  until  it  became,  considering  the  general 
condition  of  practical  mechanics  at  the  time,  a  veiy  perfect  machine 
in  workman^p  and  mechanism. 

Fig.  L  shows  a  vertical  section  of  the  principal  parts  of  Savery's 
engine : — a,  receiver,  in  which  the  steam  presses  on  the  surface  of 
the  water;  6,  ascending  pipe;  c  d,  clacks  opening  upwards;  fy 
boiler;  g^  steam  pipe  from  boiler  to  receiver;  h,  cock,  to  open  and 
cloae  it;  i  ky  flues;  I  m,  gauge  cocks* to  ascertain  the  water  level; 
n,  safety  valve  (it  is  doubtful,  however,  whether  Savery  used  the 
safety  valve);  o,  condensing  cock,  to  let  a  stream  of  cold  water  fall 
on  the  receiver,  and  condense  the  steam.  The  engine  was  worked 
by  opening  and  closing  the  cocks  h  and  o  alternately.     On  opening 
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7*,  steam  fit)in  the  boiler  forced  the  -water  from  the  receiver  a  up 
tliroogh  the  pipe  b',  on  closing  h  and  opening  o,  the  steam  was 


Fig.  I* — Savery's  Engine. 

condensed,  and  the  pressure  of  the  atmosphere  forced  water  up 
through  the  clack  c?,  so  as  to  fill  the  receiver  again. 

Two  improvements  made  by  Savery  on  his  engine  are  not 
shown  in  the  figure :  a  second  receiver,  similar  to  a,  and  standing 
alongside  of  it,  to  be  filled  and  emptied  alternately  with  a,  so  as  to 
keep  up  a  continuous  stream  of  water;  and  an  auxiliary  boiler,  or 
heating  vessel,  in  which  water  was  heated  before  being  supplied  to 
the  principal  boiler  /,  and  from  which  the  water  was  forced  intoy 
by  the  pressure  of  steam  when  required. 

Fig.  II.  is  Newcomen's  atmospheric  engine  in  its  earliest  form, 
a,  beam  or  lever;  6,  boiler;  c,  lever  wall;  d,  pump  rod  chain;  e, 
pump  rod;  /,  furnace;  g  g,  counterpoise;  h,  cylinder;  p,  st€»m 
pipe;  Uy  steam  cock;  /,  tank  for  condensatioTi  water;  m,  its  supply 
pipe,  coming  from  the  pump  in  the  pit;  n,  condensation  water 
pipe;  0,  cock;  q,  discharge  pipe  for  water  fi-om  cylinder,  leading 
downwards  to  a  point  thirty-four  feet  below  it  (being  one  atmo- 
sphere of  water);  «,  piston  rod;  a,  piston  rod  chain;  y  z,  sectors 
on  ends  of  beam. 

For  an  example  of  the  atmospheric  engine  in  its  most  perfect 
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State,  reference  may  be  made  to  the  description  and  drawing  of  the 
'^  long  Benton  engine^*  in  Smeaton's  reports. 


Fig.  IL — Newoomen's  Atmospheric  Engine. 

Fig.  m.  is  Leupold's  proposed  high  pressure  engine,  with  a  pair 
of  cylinders  in  which  the  steam  acts  alternately,  being  admitted 
and  discharged  by  a  ^'  foiuvway-cock." 

In  the  history  of  mechanical  art  two  modes  of  progress  may  be 
distingaished — ^the  empmccU  and  the  scientific.  Not  the  pracUcal 
and  the  theoreUcy  for  that  distinction  is  fiiUacions :  all  real  progress 
in  mechanical  art,  whether  theoretical  or  not,  must  be  practical. 
The  tme  distinction  is  this :  that  the  empirical  mode  of  progress 
is  purely  and  simply  practical;  the  scientific  mode  of  progress  is 
at  once  practical  and  ^eoretia 

Empirical  progress  is  that  which  has  been  going  on  slowly  and 
continually  from  the  earliest  times  to  the  present  day,  by  means  of 
gradual  amelioration  in  materials  and  workmanship,  of  small  suc- 
oessive  augmentations  of  the  size  of  structures  and  power  of 
machines,  and  of  the  exercise  of  individual  ingenuity  in  matters  of 
detail  This  mode  of  progress,  though  essential  to  the  perfecting 
of  mechanical  art  in  its  detoils,  is  confined  to  making  small  altera- 
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tions  on  existing  examples,  and  is  consequently  limited  in  the  range 
of  its  effects. 

Scientific  progress  in  the  mechanical  arts  takes  place,  not  con- 
tinuously, but  at  inter- 
vals, often  distant,  and 
by  great  efforts.  When 
the  results  of  experience 
and  observation  on  the 
properties  of  the  ma- 
terials which  arc  used, 
and  on  the  laws  of  the 
actions  which  take  place, 
in  a  class  of  machines, 
have  been  reduced  to  a 
science,  then  the  im- 
provement of  such  ma- 
chines is  no  loDger  con- 
fined to  amendments  or 
enlargements  in  detail  of 
previously  existing  ex- 
amples ;  but  firom  the 
principles  of  science  prac- 
tical rules  are  deduced, 
showing  not  only  how  to 
bring  the  machine  to  the 
condition  of  greatest  effi- 
ciency consistent  with 
the  available  materials 
and  workmanship,  but  also  how  to  adapt  it  to  any  combination  of 
circumstances,  how  different  soever  from  those  which  have  pre- 
viously occurred.  When  a  great  advance  has  thus  been  made  by 
scientific  progress,  empirical  progress  again  comes  into  play,  to 
perfect  the  I'esults  in  their  details. 

Up  to  the  period  when  Smeaton  perfected  the  atmospheric 
engine,  the  progress  of  the  "  fire  engine,"  as  the  steam  engine  was 
then  culled,  had  been  merely  empirical;  and  in  everything  that 
depended  on  principle,  the  steam  engine  of  that  period  was  a  most 
rude,  wasteM,  and  inefficient  machine.  Then  came  the  time 
when  science  was  to  effect  more  in  a  few  years  than  mere  em- 
pirical progress  had  done  in  nineteen  centuries.  In  1759,  James 
Watt  had  his  attention  directed  by  Kobison  to  the  subject  of  the 
steam  engine,  and  for  a  few  years  afterwards  made  various  experi- 
ments on  the  properties  of  steam.  In  1763  and  1764,  Watt,  while 
engaged  in  the  repair  of  a  small  model  of  Newcomen's  engine 
(belonging  to  the  University  of  Glasgow,  and  since  preserved  by 


Fig.  Ill Leupold'8  Engine. 


watt's  discoveries.  xxi 

that  University  as  the  most  precious  of  relics),*  perceived  the 
various  defects  of  that  machine,  and  ascertained  by  experiment  their 


•  Fig.  IV.— Watt's  model  in  Glasijow  College. 
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causes.  Watt  set  to  work  scientifically  from  tlie  first  He  studied 
the  laws  of  the  pressure  of  elastic  fluids,  and  of  the  evaporating 
iUJtion  of  heat,  so  far  as  they  were  known  in  his  time;  he  ascer- 
tained as  accurately  as  he  could,  with  the  means  of  experimenting 
at  his  disposal,  the  expenditure  of  fuel  in  evaporating  a  given 
quantity  of  water,  and  the  relations  between  the  temperature, 
pressure,  and  volume  of  the  steam.  Then  reasoning  from  -the  data 
which  he  had  thus  obtained,  he  framed  a  body  of  principles  expres- 
sing the  conditions  of  the  efficient  and  economic  working  of  the 
steam  engine,  which  are  embodied  in  an  invention  described  by 
himself  in  the  following  words,  in  the  specification  of  his  patent  of 
1769:— 

''  My  method  of  lessening  the  consumption  of  steam,  and  conse- 
quently friel,  in  fire  engines,  consists  of  die  foUowiug  principles : — 

^*  Fvrsty  That  vessel  in  which  the  powers  of  steam  are  to  be 
employed  to  work  the  engine,  which  is  called  the  cylinder  in  com- 
mon fire  engines,  and  which  I  call  the  steam  vessel,  must,  during 
the  whole  time  the  engine  is  at  work,  be  kept  as  hot  as  the  steam 
that  enters  it;  first,  by  inclosing  it  in  a  case  of  wood,  or  any  other 
materials  that  transmit  heat  slowly;  secondly,  by  surrounding 
it  with  steam  or  other  heated  bodies;  and  tlurdly,  by  suffering 
neither  water  nor  any  other  substance  colder  than  the  steam,  to 
enter  or  touch  it  during  that  time. 

^'  Secondly,  In  engines  that  are  to  be  worked  wholly  or  partially 
by  condensation  of  steam,  the  steam  is  to  be  condensed  in  vessels 
distinct  from  the  steam  vessels  or  cylinders,  although  occasionally 
communicating  with  them;  these  vessels  I  call  condensei*s;  and, 
whilst  the  engines  are  working,  these  condensers  ought  at  least  to 
V  kept  as  cold  as  the  air  in  the  neighbourhood  of  the  engines,  by 
application  of  water,  or  other  cold  bodies. 

"  Thirdiy,  Whatever  air  or  other  elastic  vapour  is  not  condensed 
by  the  cold  of  the  condenser,  and  may  impede  the  working  of  the 
engine,  is  to  be  drawn  out  of  the  steam  vessels  or  condensers  by 
means  of  pumps,  wrought  by  the  engines  themselves,  or  otherwise. 

"  Fourthly/,  I  intend,  in  many  cases,  to  employ  the  expansive 
foixje  of  steam  to  press  on  the  pistons,  or  whatever  may  be  used 
instead  of  them,  in  the  same  manner  in  which  the  pressure  of  the 
atmosphere  is  now  employed  in  common  fire  engines.  In  cases 
where  cold  water  cannot  be  had  in  plenty,  the  engines  may  be 
wrought  by  this  force  of  steam  only,  by  discharging  the  steam  into 
the  air  after  it  has  done  its  office. 

"  Latdy,  Instead  of  using  water  to  render  the  pistons  and  other 
parts  of  the  engines  air  and  steam  tight,  I  employ  oils,  wax, 
resinous  bodies,  fat  of  animals,  quicksilver,  and  other  metals  in 
their  fluid  state." 
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The  expense  of  (suriTing  out  of  Watt*s  invention  was  at  first 
defrayed  by  Dr.  John  Eoebuck,  the  original  projector  of  the  Carron 
Iron  Works:  On  his  retirement  from  the  enterprise,  his  place  was 
taken  by  Matthew  Boulton  of  Birmingham,  whose  liberality  and 
eneigy  frimished  all  that  was  necessary  to  render  the  genius  of 
Watt  practically  available.  Few  patents  have  had  their  validity 
more  obstinately  contested  than  that  of  Watt's  great  invention; 
and  the  successful  result  of  the  trials  of  which  it  was  the  subject 
has  greatly  contributed  to  ascertain  and  fix  the  interpretation  of 
the  patent  laws.  In  1769,  Watt  had  invented  the  cutting-off  the 
admiiBsion  of  steam,  so  as  to  make  it  work  expansively,  as  appears 
from  a  letter  of  his  to  his  fr:dend  Dr.  Small  He  began  to  use  that 
invention  in  1776,  but  did  not  publish  it  till  1782,  when  he 
patented  along  with  it  his  invention  of  the  double  acting  engine.  It 
is  certain  that  before  1778,  Watt  had  invented  the  double  acting 
steam  engine,  and  the  application  of  the  crank  to  the  steam  engine ; 
bnt  the  latter  invention  having  been  pirated  and  patented  by 
another,  Watt  invented  and  patented  otider  methods  of  producing 
rotatory  from  reciprocating  motion,  which  were  used  until  the 
patent  for  the  crank  expired;  after  which  time  the  use  of  the  crank 
became  general  The  adaptation  of  the  steam  engine  to  the  pro- 
duction of  rotatory  motion  was  the  crowning  improvement,  which 
led  to  its  employment  as  the  prime  mover  of  every  kind  of 
mechanism.  In  1784,  Watt  patented  and  published  his  inventions 
of  the  parallel  motion,  the  counter  for  recording  the  strokes  of 
engines,  the  throttle  valve,  the  governor  for  regulating  the  speed, 
and  the  indicator  for  ascertaining  the  power,  and  also  a  locomotive 
engine;  which  last,  however,  he  did  not  put  in  practice.  The^ 
improvements  on  the  steam  engine  since  the  time  of  Watt  h^ ' 
chiefly  related  either  to  the  boiler  and  furnace,  to  the  details  a^^ 
mechanism,  to  the  more  ftdl  development  of  Watt's  pruMr^  ^^ 
using  the  expansive  force  of  the  steam  to  drive  the  y4x^\  ^^  ^ 
the  means  of  applying  the  steam  engine  to  the  jP^  ^^  J^ 
carriages  and  ships.  The  double  cylinder  engine  ^W^^^^J 
Homblower  in  1781,  and  was  afterwards  comJ|p^  ^^'i  W***  « 
condenser  by  Woolf.      .  >^ 

The  hLstoiy  of  the  appUcation  of  the  steaj/^gij^e  to  the  propul- 
sion of  ships  has  been  brought  into  a  W^Jom^ete  stete  by  the 
compilation,  under  the  direction  of  Myi^o<>?croft,  of  abridgments 
of  patents  for  marine  propulsion,  t^^r  with  vanous  documents 
rehitive  to  inventions  of  that  clai/^  Pa*®^*®^  i^  Britain. 

It  appears  from  the  correspa/^<«  ^^7^^  ^^V^  ^^  Leibnitz, 
that  Pa^was  present,  in  1^  a*  ^  ^^ 

machine  contrivled  by  Sa/f/  "^jj^p*^  P^^le  wheels  were  driven 
by  a  water  wheel,  whi^^s  itself  driven  by  water  raised  by  means 
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of  Saveiy's  steam  engine,  already  mentioned;  and  also  that  Papin 
himself,  in  1707|  made  either  a  vessel  or  a  model  of  a  vessel  (it  is 
not  clear  which)  on  a  similar  plan,  with  which  he  was  on  his  way 
by  the  Fulda  and  Weser  to  England,  when  it  was  taken  from  him 
and  destroyed  by  boatmen. 

In  1736,  Jonathan  Hulls  patented  a  steam  vessel  in  which  paddle 
wheels  were  driven  by  ratchet  work,  acted  upon  by  chains  or  ropes 
attached  to  the  pistons  of  atmospheric  cylinders. 

In  1752,  Daniel  Bemouilli  invented  a  form  of  screw  propeller, 
which  he  proposed  to  drive  by  a  steam  engine. 

In  1781  and  1783,  the  Marquis  de  Jouffix>y  executed  and  used 
upon  the  Rhone  two  steam  vessels  of  considerable  size— in  the  first 
of  which  paddle  wheels  were  driven  by  chains,  and  in  the  second 
by  rack  work.  They  are  said  to  have  realized  a  considerable 
speecL 

The  early  attempts  at  steam  navigation  made  in  France  by  the 
Marquis  de  Jouflfroy  in  1781  and  1783,  in  America  by  Rumaey 
and  Fitch  about  1783  and  1784,  and  in  Scotland  in  1788^  and 
1789,  by  Miller  of  Dalswinton,  Taylor,  and  Symington,  appear 
to  have  i&tiled  chiefly  because  of  the  imperfect  nature  of  the 
means  employed  for  £he  transmission  of  motion  from  the  piston  to 
the  propeller.  In  fact,  Watt's  invention  of  [the  rotative '  engine, 
which  effects  that  transmission  smoothly  and  without  shocks,  was 
an  indispensable  step  towards  the  success  of  steam  navigation. 
Symington,  instructed  by  the  previous  failure  of  his  engine  in  Mil- 
ler's boat,  availed  himself  of  that  invention,  wh&a.  he  bmlt  for  Lord 
Dundas,  in  1801,  the  "Charlotte  Dundaa,"  which  was  used  in  1802 
on  the  Forth  and  Clyde  Canal,  with  complete  success  as  a  tug,  but 
bandoned  owing  to  an  apprehension  on  the  part  of  the  directors  of 
iry  to  the  banka     The  "  Charlotte  Dundas"  (fig.  V.)  had  one 
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Fig.  y.^The  *' Charlotte  Dandas,"  1801-2. 
paddle  wheel  near  the  stem,  driven  by  a  direct  acting  horizontal 
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engine,  with  a  ooimecting  rod  and  crank  The  arrangement  of 
her  mechanism  was  such  as  would  be  considered  creditable  at  the 
present  day;  and  she  has  been  justly  styled  by  Mr.  Woodcroffc 
''  the  first  practical  steamboat.** 

Fulton  having  made  himself  well  acquainted  with  what  had  been 
previously  done  in  steam  navigation,  began  to  experiment  with  a 
small  paddle  steamer  in  1803.  In  1804,  Steyens  ran  a  steamer 
between  New  York  and  Hoboken,  with  a  screw  propeller,  driven 
by  one  of  Watt's  engines. 

The  establishment  of  steam  navigation  as  a  remunerative  art 
was  first  effected  in  America,  by  J^ton,  in  1807|  on  the  East 
river;  and  in  Europe,  by  Bell,  in  1812,  on  the  Qyda  Fulton's 
vessel,  the  "  Clermont,"  was  propelled  by  paddles,  driven  by  an 
engine  made  by  Boulton  and  Watt  Bell's  vessel,  liie  "  Comet," 
was  propelled  by  two  pairs  of  paddles  (fig.  VL),  driven  by  an 


Fig.  VI—The  "Comet,"  1811-12. 

engine  of  peculiar  design  (fig.  YII.)    Since  that  period  the  advance- 
ment of  steam  navigation  has  consisted   not   so  much  in  th 
development  of  new  principles,  as  in  the  improvement  of  wr    ^ 
roanship,  arrangement,  and  economy  of  fuel,  and  the  progr    >  ^^ 
increase  of  the  size,  power,  and  speed  of  steam  ships,  and  th    ^"^^ 
of  their  voyages — ^Uie  climax  at  the  present  time  being  t^t^^*^'    a 
Eastern,"  680  feet  long,  83  feet  broad,  drawing  SO^^^S.  f  ^.^ 
when  loaded,  displacing  26,000  tons  of  water,  haviryj^^Sr^  ,      ? 
can  work  at  firom  8,000  to  12,000  indicated  hors^v/^/^g^  ^j,  '^ 
capable  of  carrying  coals  for  a  voyage  round  th^-/'\  ^  A*&y  i 
quality,  as  Mr.  Scott  Russell  has  stated,  is  tha,2'  i   h^^  ^'^'     ?'.  ^ 
bulk.    The  highest  speed  attained  in  Eur  ^  t^y£  ^^  7^^^ 
17i  nautical  miles,  or  20  statute  miles  ^^'"^J^^'l  re^si^^^ 
.some  instances,  by  steamers  on  the  Aaar  ^.^^,    ,  Tf  o  aimib     , 

The  appUcatioi  of  the  steam  ^r^\f^ L^^^  ^P*^  "^ 
according  to  Watt,  suggested  hj^l^^^y^'  ^^  ^^^  "  ^o"*  «- 
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patented  a  locomotive  engine,  which,  however,  he  never  executed. 
About  the  same  time  Murdoch,  assistant  to  Watt,  made  a  very 


Fig.  VII.— Engine  of  the  "Comet,"  1811-12. 

efficient  working  model  of  a  locomotive  engine.    In  1 802,  Trevithick 

and  Vivian  patented  a  locomotive  engine,  which  was  constructed 

nd  set  to  work  in  1804  or  1805.     It  travelled  at  about  five  miles 

hour,  with  a  net  load  of  ten  tons.     The  use  of  fixed  steam 

^  to  drag  trains  on  itdlways  by  ropes,  was  introduced  by  Cook 

various  inventors  had  long  exerted  their  ingenuity  in 

•  the  locomotive  engine  a  firm  hold  of  the  track  by 

work-rails,  and  toothed  driving  wheels,  legs,  and 

^trivances,  Blackett  and  Hedley,  in  1813,  made 

'  jjovery  that  no   such  aids  are    required,  the 

oth  wheels  and  smooth  rails  being  sufficient. 

:££^  engine  to  the  great  and  widely  varied 

V  — Th  "^  *^  travel,  and  the  varied  loads  which 

^'    *        *  'ings  are  essential — ^that  the  rate  of 

paddle  wheel  near  the  stem,  dlig^^^  ^^^^^  of  the  power  of  the 

^  work  which  the  engine  has  to 
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perform,  and  shall,  when  required^  be  capable  of  being  increased  to 
manj  times  the  rate  at  which  fuel  is  burned  in  the  furnace  of  a 
stationary  engine  of  the  same  size;  and  that  the  surface  through 
which  heat  is  communicated  from  the  burning  fuel  to  the  water 
shall  be  very  large  compared  with  the  bxdk  of  the  boiler.  The  first 
of  these  objects  is  attained  by  the  hlast-pipey  invented  and  used  by 
George  Stephenson  before  1825;  the  second,  by  the  tubular  boiler, 
invented  about  1829,  simtdtaneously  by  S6guin  in  France  and  Booth 
in  England,  and  by  iJie  latter  suggested  to  Stephenson.  On  the  6th 
Octoh^r,  1829,  occurred  that  famous  trial  of  locomotive  engines, 
when  the  prize  offered  by  the  directors  of  the  Liverpool  and  Man> 
Chester  Keolway  was  gained  by  Stephenson's  engine,  the  "  Rocket," 
the  parent  of  the  swifb  and  powerful  locomotives  of  the  present  day, 
in  which  the  blast-pipe  and  tubular  boiler  are  combined.  (Fig. 
Till.)    Since  that  time  the  locomotive  engine  has  been  varied  and 
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Fig.  VIII.— The  "Rocket," 
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18J  fr«b^;^;  ra^to  which 


Sr^iiisly,  to 
, ,  jf'  ^to  which 

J  •  •        J  X  -1         J  i«  •  ^f&r-^.    r"'^  P^.o  chancre 

improved  m  various  details,  and  by  va^  fiip^^f^  a  resi  jesented 

now  ranges  from  five  tons  to  ^ftj  tgj^  '^^.    ^,  If  a  simi)\n^ja  on 

hundred  tons;  its  speed  from  ten  vpl    ^^^^  ^e  where 

The  reduction  of  the  laws  wh'   ^^  '^^ 


aon  re- 
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enei^  to  a  physical  theoxy,  or  connected  system  of  principles, 
called  the  science  of  Thermodynamics,  is  of  recent  date,  and,  in 
many  respects,  may  be  considered  to  be  still  in  progress.  The  steps 
in  reasoning,  and  in  experimental  knowledge,  which  have  gradually 
led  to  the  formation  of  that  system  of  principles,  are  difficult  to 
trace,  and  more  difficult  to  separate  from  the  history  of  the  two 
kinds  of  mechanical  hypotheses  which  have  been  proposed  as  means 
of  deducing  the  laws  of  heat  from  those  of  motion  and  force; 
for  one  of  those  hypotheses — that  which  supposes  the^henomena  of 
heat  to  be  caused  by  the  presence,  in  greater  or  less  quantity,  of  a 
substance  called  "caloric" — has  been  the  chief  iippediment  to  the 
progress  of  the  accurate  knowledge  of  the  laws  of  the  relations 
between  heat  and  motive  power;  while  the  other  hypothesis,  which 
supposes  the  phenomena  of  heat  to  be  caused  by  molecular  vibra- 
tions and  revolutions,  has  been  the  means,  in  some  instances,  of 
anticipating  laws,  and  predicting  numerical  results,  which  have 
since  been  confirmed  by  experiment,  and  in  others,  of  suggesting 
experiments  whereby  important  laws  have  been  discovered. 

In  the  stage  which  our  knowledge  has  now  attained,  it  is  possible 
to  express  the  laws  of  thermodynamics  in  the  form  of  independent 
principles,  deduced  by  induction  from  the  facts  of  observation  and 
experiment,  without  reference  to  any  hypothesis  as  to  the  occult 
molecular  operations  with  which  the  sensible  phenomena  may  be 
conceived  to  be  connected;  and  that  coTirse  will  be  followed  in 
the  body  of  the  present  treatise.  But,  in  giving  a  brief  historical 
sketch  of  the  progress  of  thermodynamics,  the  progress  of  the 
hypothesis  of  thermic  molecular  motions  cannot  be  wholly  separated 
from  that  of  the  purely  inductive  theory. 

The  Aristotelian   hot   element,  as  well  as  the  other  aTOixiu»j 

appears,  so  far  as   we  can  judge,  to  have  been  understood  by 

Aristotle  himself,  not  as  a  substa/nce,  but  as  one  of  the  stcUes  of 

"lich  substances  are  susceptible.  • 

1  the  sckolastic  sense  of  the  term  "  Elementum  Iffnis,"  viz.,  the 

">ed  substance,  afterwards  called  "  phlogiston"  and  "  caloric,'' 

"sputes  the  real  existence  of  anything  corresponding  to  it, 

declares  it  to  be  one  of  those  "  rwndna  nihUorum"  which 

*  Idola/ori  mdestissima"   The  hypothesis  of  molecular 

^utained  by  Galileo,  Bacon,  Boyle,  Daniel  Bernoulli, 

Nt  a  later  period  by  Ruinford,  Davy,  Leslie,  Mont- 

W.  and  Grove.     Rumford  and  Davy  supported 
^'experiments  on  the  production  of  heat  by 

— ^rThich  is  the  key  to  the  whole  science  of 

^V'    '      ^  ^guin  endeavoured  to  put  the  mechani- 
paddle  wheel  near  the  stem,  m:  Young,  in  his  lectures,  stating 

'\  forcible  manner  peculiar  to  him, 
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showed  that  the  facts  of  expeiiment,  as  known  in  his  time,  were 
conclnsiye  against  the  hypothesis  of  substantial  caloric.  That  hypo- 
thesis, however,  continued  to  hold  its  ground,  and  to  a  considerable 
extent  does  so  still — a  &ct  which  is  probably  in  a  great  measure 
owing  to  the  employment  of  its  language  in  works  of  reference,  and 
to  the  popular  tendency  to  ascribe  substantive  existence  to  the  sub- 
ject of  a  name.  The  adoption  of  the  hypothesis  of  thermic  molecu- 
lar motions,  and,  what  is  of  more  importance,  the  abandonment  of 
the  hypothesis  of  substantial  caloric,  have  been  much  promoted  by 
the  series  of  dilboyeries  which  have  shown,  that  the  communication 
of  light  and  heat  by  radiation,  if  not  actually  consisting  in  the  pro- 
pagation of  molecmar  vibratory  movements,  takes  place  according 
to  laws  analogous  to  those  of  the  propagation  of  such  movements, 
and  wholly  at  variance  with  those  of  the  diffusion  of  any  conceivable 
substance. 

A  most  important  step  towards  the  formation  of  a  true  physical 
theory  of  the  relations,  not  only  between  heat  and  motive  power, 
but  between  heat  and  every  other  kind  of  physical  energy,  was 
made  by  Black's  great  discovery  of  latent  heat,  and  by  Watt's  appli- 
cation c^  that  discovery  in  the  improvement  of  the  steam  engine. 

The  term  " latent  heat"  when  fireed  from  hypothetical  notions, 
means,  an  amount  of  that  condition  of  matter  called  heai,  which 
has  disappeared  in  producing  physical  effects  different  from  heat, — 
such  as  expansion,  frision,  evaporation,  and  chemical  changes, — and 
which  may  be  made  to  reappear  by  reversing  the  changes  in  which 
such  physical  effects  consisted,— that  is,  by  compression,  congela- 
tion, lique&ction  of  vapours,  and  inverse  chemi(^  changes.  The 
progress  in  the  true  theory  of  thermodynamics,  to  which  this  dis- 
covery might  have  led,  was  for  a  long  time  retarded  by  a  fallacious 
principle,  arising  from  the  hypothesis  of  substantial  oaloric  in  the 
following  manner : — ^Let  a  substance  change  from  a  less  bulky  to  a 
more  bulky  condition,  or  from  the  liquid  to  the  gaseous  state,  or 
generally,  from  the  state  A  to  the  state  B,  that  change  being  of 
such  a  nature,  that  according  to  Black's  discovery,  beat  disappear*" 
and  some  physical  effect  different  from  heat  is  produced.  Let-*^^ 
operation  be  called  (A,  B),  and  let  Hj  be  the  amount  of  hea^^^^  "^ 
disappeai^.  Next,  let  the  substance  change  back  from  th^^^' .  *'^ 
to  the  original  state  A  :  let  this  change  be  called  (B,  /^  nT*^- 1  j^ 
cause  a  certain  quantity  of  heat  H©  to  reappear,  f  ^  ,^ 
of  intermediate  changes  undergone  by  the  subst'-^  'Sr^^'iisly,  to 
process  (B,  A),  be  exactly  the  reverse,  step  ic^^^  ji^^to  which 
undergone  during  the  process  (A,  B),  ever*^  V*^  P^o  change 
first  process  will  be  exactly  imdone  by  f^^  d^  *  ^^^  resented 
nent  physical  effect  will  ensue  from  ^^  .t'  ^^  ^  «^^^\u^  on 
and  the  amount  of  heat  which  Teapp^^^,c  -^^  where  re  )^qj^  j^. 
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equal  to  the  amount  of  heat  H|,  which  formerly  disappeared.  This 
was  understood  from  the  time  of  the  first  disoovery  of  latent  heat ; 
and  so  far  there  is  no  fallacj,  but  an  important  truth.  But  it  was 
further  assumed,  that  heat  has  a  substantial  existence,  and  that, 
consequently,  Hq  =  H|,  imder  all  circumstances,  even  although  the 
processes  (A,  B)  and  (B,  A)  should  differ  in  their  intermediate 
steps.  This  assumption  leads  to  the  following  paradoxical  result, 
wluch  shows  it  to  be  fallacious.  It  is  known  that  the  process 
(B,  A)  may  be  made  to  differ  from  (A,  B),  in  its  intermediate  steps, 
in  sudi  a  manner  that  a  permanent  mechanical  effect  shall  be  pro- 
duced by  the  combined  processes.  Now,  if  under  such  drcum- 
stances  H^  is  assumed  to  be  still  =  H|,  it  follows,  that  by  employing 
the  mechanical  effect  of  the  combined  processes  in  devdoping  heat 
by  friction,  we  may  increaae  the  amaurU  of  heat  in  the  umveree,  or 
create  caloric; — a  consequence  opposed  to  the  original  assumption 
of  the  substantiality  of  odoric,  and  proving  that  assumption  to  be 
self-contradictoiy. 

That  fiJlacious  assumption  unfortunately  pervaded  the  reasonings 
of  Camot  (son  of  the  great  Gamot),  in  lus  Rhfieodona  9wr  la  Pme- 
sance  Motrioe  du  Feu  (Paris,  1824)---a  work  which,  notwithstand- 
ing this  £Edlacy,  contains  the  first  discovery  of  an  important  law : — 
iIkU  the  ratio  of  the  greatest  possible  work  performed  by  a  heat  engine^ 
to  the  whole  heat  expended,  is  ajmiction  of&e  two  limits  qftemperor 
ture  between  which  the  engine  works,  and  not  of  the  nature  of  the 
substance  emp^ee?.— (Thomson's  Aec<kmt  qfCarno^s  Theory,  Edinb, 
Trans,,  1849,  YoL  xvL) — ^The  fallacy  referred  to  prevoited  Camot 
from  discovering  what  that  function  of  the  limits  of  temperature  is. 
The  phenomena  of  the  development  of  heat  by  the  friction  of  a 
fluid  possesses  peculiar  advantages  as  a  means  of  ascertaining  the 
relations  between  heat  and  mechanical  power,  owing  to  the  sim- 
plicity of  the  action  which  takes  place;  for  at  the  end  of  the  process 
the  fluid  is  left  exactly  in  the  same  condition  as  it  was  at  the 
'beginning;  so  that  the  evolution  of  a  certain  amount  of  heat  is  the 
^e  effect  produced;  and  this  being  compared  with  the  mechanical 
"  expended  in  agitating  the  fluid,  ecdiibits  in  the  most  simple, 
accurate,  and   satis&ctory  manner  possible,  the   relation 
heat  and  mechanical  power.     The  idea  of  subjecting  this 
^  to  experimental  measurement  appears  to  have  been 
'actice  independently  by  M.  Mayer  in  1842,  and  Mr. 

The  numerical  results  at  first  obtained  were,  as 

^  in  a  new  kind  of  experiment,  somewhat  rotigh 

^  long  perseverance,  Mr.  Joule  increased  the 

fig.  V.-^s  of  experimenting,  until  he  succeeded  in 

-^nts  on  the  friction  of  water,  oil,  mercury, 

l)addle  wheel  near  the  sfcei^  the  accuracy  of  ttv  of  its  amount,  if 
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not  more  closely  still,  the  m&ihamcaZ  equivalent  of  a  unit  of  heat; 
that  is,  the  number  of  foot-pownda  ofmi^nical,  energy  vohich  must 
be  expended  m  order  to  raise  the  temperature  of  one  powid  ofunUer 
by  one  degree.  For  Fahrenheif  s  degree,  that  quantity  is  772  foot- 
poands:  for  the  CentigTade  degree,  f  x  772  =  1389*6  foot-pounds 
(P1^  Trans^y  1850).  This,  the  most  important  numerical  constant 
in  molecular  physics,  has  been  styled  by  other  writers  on  the  sub- 
ject ''Joule's  Equivaldnt,"  in  order  that  the  name  of  its  discoverer 
may  be  perpetuated  by  connection  with  the  most  imperishable  of 
inemoriai»*-a  truth.  Mr.  Joule,  at  the  same  time,  proved  by  ex- 
periment the  law  which  had  previously  been  only  a  matter  of 
speculative  theory  with  others:  that  not  only  heat  and  motive 
power,  but  all  other  kinds  of  physical  energy,  such  as  chemical 
action,  electricity,  and  magnetism,  are  convertible  and  equivalent; 
that  is  to  say,  that  any  one  of  those  kinds  of  energy  may,  by  its 
expenditure,  be  made  the  means  of  developing  any  other  in  certain 
definite  proportions.  Meanwhile,  partly  through  a  theoretical  cm- 
ticipation  of  this  law,  and  partly  through  the  influence  of  the  hypo- 
thesis of  moleGidar  fnotione  as  applied  to  heat,  the  formation  of  a 
systematic  theory  of  the  relations  between  heat  and  motive  power 
advanced.  Messrs.  Helmholtz  and  Waterston  may  be  referred  to 
as  having  aided  that  progress.  The  investigations  of  the  Count  de 
Pambour  on  the  theory  of  the  steam  engine,  although  not  involv- 
ing the  discovery  of  any  principle  in  thermodynamics  properly 
speaking,  were  conducive  to  the  progress  of  that  science  by  pointing 
oat  the  proper  mode  of  applying  mechanical  principles  to  the 
expansive  action  of  an  elastic  fluid 

The  general  equation  of  thermodynamics^  which  expresses  the 
relations  between  heat  and  mechanical  energy  under  all  drcum- 
Ktances,  was  arrived  at  independently,  and  by  different  methods,  in 

1849,  by  Professor  Clausius  and  the  Author  of  this  work;  and 
pablished  by  the  former  in  Poggendorfs  Annalen,  and  communi- 
cated by  the  latter  to  the  Eoyal  Society  of  Edinburgh  in  Feb- 
ruary, 1850.     {Edin.   Trans.y  1850).     The  consequences  of  that 
equation  have  since  been  developed,  and  applied  to  scientific  an(^ 
practical  questions  in  a  series  of  papers  which  have  appeared  '^'^  -^ 
Pogg^ndorff^s  Annalen;  the  Fhilosophical  Magazine  since   V '  *'& 
the  Edinburgh  Philosophical   Jovrmd  for   1849  and  18''*' f  j^ 
Transactions  of  the  Royal  Society  of  Edinburgh^  since  1>^  -i;^ 

XX. ;  and  the  Philosophical  Transactions  for  1854  and  ''gHSJ^sly,  to 
Professor  William  Thomson,  adopting  the  true  tb*^"^^;  ra{to  which 

1850,  not  only  solved  some  new  problems  in  th^  ^*fc  p^o  change 
devised  and  carried  out,  jointly  with  Mr.  JouIp  ^^i  a  resi  .Resented 
tant  experiments;  but  he  extended  anal<^;  f'  If  a  simil^i^^  on 
tricity  and  magnetism,  and  thereby  crwj^^j  /Jie  where  re  ^^qj^  y^. 
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styled  a  new  science.  His  papers  have  appeared  in  the  Transac- 
tions ofiha  Royal  Society  of  Edinburgh  for  1851,  and  subsequently  in 
the  PhUoBophioal  Magaame  since  1851,  and  the  Philosophical  Trans- 
actions since  1854.  Numerical  data,  without  which  the  theoretical 
^  researches  before  referred  to  would  have  been  fruitless,  were  fur- 
nished by  the  experiments  of  Dulong,  and  MM.  Bravais,  Martins, 
Moll,  Van  Beek,  and  others,  on  the  velocity  of  sound;  by  those  of 
M  Eudberg,  on  the  expansion  of  gases ;  by  the  experiments,  almost 
unparalleled  for  extent  and  precision,  of  M.  Kegnault,  on  the  propei^ 
ties  of  gases  and  vapours,  made  at  the  expense  of  the  French  Govern- 
ment, and  published  in  the  Proceedings  and  Memoirs  of  the  Academy 
of  SdeTiceSy  from  1847  to  1854;  and  by  the  joint  experiments  of 
Messrs.  Joule  and  Thomson,  on  the  thermic  effects  of  currents  of 
elastic  fluids,  made  at  the  expense  of  the  Boyal  Society,  and  pub- 
lished in  the  Philosophical  Transactions  for  1854. 

Hypothesis  op  Molecular  VoHTicBa — ^In  thermod3mamics  as 
well  as  in  other  branches  of  molecidar  physics,  the  laws  of  phenomena 
have  to  a  certain  extent  been  anticipated,  and  their  investigation 
facilitated,  by  the  aid  of  hypotheses  as  to  occult  molecidar  struc- 
tui-es  and  motions  with  which  such  phenomena  are  assumed  to  be 
connected.  The  hypothesis  which  has  answered  that  purpose  in  the 
case  of  thermodynamics,  is  called  that  of  "  molecular  vortices,"  or 
otherwise,  the  "  centrifugal  theory  of  elasticity."  (On  this  subject, 
see  the  Edvnlywrgh  Philosophical  Jawmcd^  1849;  Edinbwrgh  Trams- 
actioTis,  vol.  XX. ;  and  Philosophical  Magazine,  passim,  especially  for 
December,  1851,  and  November  and  December,  1855.) 

Science  of  Energetics. — Although  the  mechanical  hypothesis 
just  mentioned  may  be  useful  and  interesting  as  a  means  of  antici- 
pating laws,  and  connecting  the  science  of  thermod3mamics  with 
that  of  ordinaiy  mechanics,  still  it  is  to  be  remembered  that  the 
science  of  thermodynamics  is  by  no  means  dependent  for  its  cer- 
tainty on  that  or  any  other  hypothesis,  having  been  now  reduced 
to  a  system  of  principles,  or  general  facts,  expressing  strictly  the 
results  of  experiment  as  to  the  relations  between  heat  and  motive 
ower.     In  this  point  of  view  the  laws  of  thermodynamics  may  be 
xrded  as  particular  cases  of  more  general  laws,  applicable  to  all 
states  of  matter  as  constitute  Energy ,  or  the  capacity  to  per- 
"k,  which  more  general  laws  form  the  basis  of  the  science 
\ — a  science  comprehending,  as  special  branches,  the 
motion,  heat,  light,  electricity,  and  all  other  physical 

^iembeTj  1S59.— The  experiments  of  Mr.  Fairbaim  and  Mr. 
Fig.  Yam  have  jnst  been  published.    They  agree  well  with  the 
*ork  (see  page  652). 

paddle  wheel  near  the  &^k PhOoBophiealJ^nimal,  ISbb. 
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OF  MACHINES   IN   GENERAL. 
Sbcttion  1. — O/Eesistance  and  Work, 

1.  The  Aeit^M  •£  m  iHacUaie  is  to  produce  Motion  against  Kesist- 
anoe.  For  example^  if  the  machine  is  one  for  lifting  solid  bodies, 
such  as  a  crane,  or  fluid  bodies,  such  as  a  pump,  its  action  is  to 
produce  upward  motion  of  the  lifted  body  against  the  resistance 
arising  from  gravity;  that  is,  against  its  own  weight :  if  the 
machine  is  one  for  propulsion,  such  as  a  locomotive  engine,  its 
action  is  to  produce  horizontal  or  inclined  motion  of  a  load  against 
the  resistance  arising  from  Mction,  or  from  friction  and  gravity 
combined :  if  it  is  one  for  shaping  materials,  such  as  a  planing 
machine,  its  action  is  to  produce  relative  motion  of  the  tool  and  of 
the  piece  of  material  shaped  by  it,  against  the  resistance  which  that 
material  offers  to  having  part  of  its  surface  removed ;  and  so  of 
other  machines. 

2.  Wmrk.  {A .  Jf .,  51 3.) — ^The  action  of  a  machine  is  measured,  or 
expressed  as  a  definite  quantity,  by  multiplying  the  motion  which 
it  produces  into  the  resistance,  or  force  directly  opposed  to  that 
motion,  which  it  overcomes;  the  product  resulting  from  that 
multiplication  being  called  work. 

In  Britain,  the  distances  moved  through  by  pieces  of  mechanism 
are  usually  expressed  in  feet;  the  resistances  overcome,  in  pounds 
avoirdupois;   and  quantities  of  work,  found  by  multiplying  dis- 
tances in  feet  by  resistances  in  pounds,  are  said  to  consist  of  s^  ^ 
many  foot-pounds.     Thus  the  work  done  in  lifting  a  weight  of  ^  ^^ 
pomid,  through  a  height  of  one  foot,  is  one  foot-pound;  the  .       t' 
done  in  lifting  a  weight  of  twenty  pounds,  through  a  heigip  J^y  ^^'^ 
hundred  feet,  is  20  x  100  =  2,000  fooirpounds.  ^^^y  • 

In  France,  distances  are  expressed  in  mitres,  resistar  i  ^[j+?*^^  i*-  i, 
in  kilogrammes,  and  quantities  of  work  in  what  y^  ^      \    ^ 
gramttStrea^  one  kilogrammdtre  being  the  work  V^\j\  resi^  ^  *tS 
a  weight  of  one  kilogramme  through  a  height  c  j^^  ^  simil\^f  on 

The  following  are  the  proportions  amongst  *   l^  vhere  re  ••• 
resistance,  and  work,  with  their  logarithiop'^'^  *^^^  ^' 

B 
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Log8r!tluii& 
One  metre  =  3-2808992  feet, 0-5159929 

One  foot  =  0-3047 9449  metres, i  -484007 1 

One  kilogiunime       =  2*20462  lbs.  avoirdupois, 0-3433340 

One  lb.  avoirdupois  =  0-453593  kilogramme, 1-6566660 

One  kilogrammetre  =  7*23314  foot-pounds, ..0*8593269 

One  foot-pound         =  0*138253  kilogrammdtres, 11406731 

3.  The  B«te  •f  w*ck  of  a  machine  means,  the  quantity  of  work 
which  it  performs  in  some  given  interval  of  time,  Bfuch  as  a  second, 
a  minute,  or  an  hour  (-4.  J/.,  661).  It  may  be  expressed  in  units 
of  work  (such  as  foot-pounds)  per  second,  per  minute,  or  per  hour, 
as  the  case  may  be;  but  there  is  a  peculiar  unit  of  power  appro- 
priated to  its  expression,  called  a  hobse-power,  which  is,  in  Britain, 

550  foot-pounds  per  second, 
or  33,000  foot-pounds  per  minute, 
or  1,980,000  foot-pounds  per  hour. 

This  is  also  called  an  act/aal  or  real  horse-power,  to  distinguish  it 
fi-om  a  nominal  horse-power,  the  meaning  of  which  will  afterwards 
be  explained.  It  is  greater  than  the  performance  of  any  ordinary 
horse,  its  name  having  a  conventional  value  attached  to  itw 

In  France,  the  term  force  de  cheval,  or  cheval-vapeub,  is 
applied  to  the  following  rate  of  work  : — 

Foo6-Ib6. 
75  kilogrammetres  per  second   =  542^ 

or  4,500  kilogrammetres  per  minute  =        32,549 
or  270,000  kilogrammetres  per  hour      =    1,952,948 

being  about  one-seventieth  part  less  than  the  British  horse-power. 

4.  Telocity* — If  the  vdocUy  ofHiA  Tnotian  which  a  machine  causes 
to  be  performed  against  a  given  resistance  be  given,  then  the  pro- 
duct of  that  velocity  into  the  resistance  obviously  gives  the  rate  of 

'•k,  or  effective  power.    If  the  velocity  is  given  in  feet  per  second, 
'^he  resistance  in  pounds,  then  their  product  is  the  rate  of  work 
'rounds  per  second,  and  so  of  minutes,  or  hours,  or  other 
"me. 

^y  most  convenient,  for  purposes  of  calculation,  to 

^ocities  of  the  parts  of  machines  either  in  feet  per 

per  minute.     For  certain  dynamical  calculations 

^g*  "^ferred  to,  the  second  is  the  more  convenient 

.J.       .     ,  ^i      ^^  the  performance  of  machines  for  practical 

imddle  wheel  near  the  a^te  «St  most  commonly  employed. 
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Campariaan  qf  Different  Measures  of  Velocity. 

MUes  Feet  Feet  Feet 

per  hour.  per  second.        per  minate.        per  hour. 

I  =1-46  =88  =  5280- 

0'68i8  =1  =60  =  3600 

0'oii36  =   o'oi6  -        I         =60 

0*0001893  =   0*00027  =       o'oi6  =  I 

1  nautical  mile] 

per  hour,  or  >  =1*1507  =    1*6877  =    101*262  =  6075*74 

"knoV j 

The  units  of  time  being  the  same  in  all  civilized  countries,  the  pro- 
portions amongst  their  units  of  Telocity  are  the  same  with  thoite 
amongst  their  linear  measure& 

5.  WotIk  te  Terns  •f  Aagalar  Ifi^ttoii.  {A,  M,,  593.) — ^When  a 
resisting  force  opposes  the  motion  of  a  part  of  a  machine  which 
moTes  round  a  fixed  axis,  such  as  a  wheel,  an  axle,  or  a  crank,  the 
product  of  the  ainount  of  that  resistance  into  its  leverage  (that  is, 
the  perpendicular  distance  of  the  line  along  which  it  acts  from  the 
fixed  axis)  is  called  the  moment,  or  stcUical  momejit,  of  the  resist- 
ance. If  the  resistance  is  expressed  in  pounds,  and  its  leverage  in 
feet,  then  its  moment  is  expressed  in  terms  of  a  measure  which 
may  be  called  a  foot-pound,  but  which,  nevertheless,  is  a  quantity 
of  an  entirely  different  kind  from  a  foot-pound  of  work. 

Suppose  now  that  the  body  to  whose  motion  the  resistance  is 
opposed  turns  through  any  number  of  revolutions,  or  parts  of  a 
revolution;  and  let  T  denote  the  angle  through  which  it  tiuns, 
expressed  in  revolutions,  and  parts  of  a  revolution;  also,  let 

2  X  =  6*2832 

denote,  as  is  customary,  the  ratio  of  the  circumference  of  a  circle  to 
its  radiua  Then  the  distance  through  which  the  given  resistance 
is  overcome  is  expressed  by  ^  ^ 

the  leverage  x  2  «•  x  T ;  .  *'^ 

that  is,  by  the  product  of  the  circumfei*ence  of  a  circle  whosp  jch  "^ 

13  the  leverage,  into  the  number  of  turns  and  fractionSj^^g]-  ^ 

made  by  the  rotating  body.  ;  mj^  J^^-^ 

The  distance  thus  foimd  being  multiplied  by  the  1^^  p^  chance 

come,  gives  the  work  performed;  that  is  to  say,  ^^  a  resi  resent^ 

'The  Tmrk  performed     .  f'  I^  »  simi)\nds  on 

=  the  resistance  x  the  leverage  vo  ^^  "^^^^  "  iion  re- 

y 
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But  the  product  of  the  resistance  into  the  leverage  is  what  is  called 
the  moment  of  the  resistance,  and  the  product  2  «-  T  is  called  the 
angular  motion  of  the  rotating  body;  consequently, 

The  vxyrk  perfyrmed 
=  the  mmnenJt  of  the  resistance  x  ^  amgrdar  motioru 

The  mode  of  computing  the  work  indicated  by  this  last  equation 
is  often  more  conyenient  than  the  direct  mode  already  explained  in 
Article  2. 

The  angular  motion  2  «-  T  of  a  body  during  some  definite  imit  of 
time,  as  a  second  or  a  minute,  is  called  its  a/ngiUar  velocity;  that  is 
to  say,  offigtUar  velocity  is  the  product  of  the  tv/ms  amdfra^ions  of  a 
turn  made  in  am,  unit  oftim/e  into  the  ratio  (2  7  =  6-2832)  ofUve 
circumference  of  a  circle  to  its  radius.     Hence  it  appears  that 

TliS  rate  ofuxyrh 
=  tlhe  moment  of  the  resistance  X  ^^  angular  velocity, 

6.  Wmk  iM  Terma  wf  PrtMMire  umdk  ¥*teme.  (A,  if.,  517.) — If 
the  resistance  overcome  be  a  pressure  uniformly  distributed  over  an 
area,  as  when  a  piston  drives  a  fluid  before  it,  then  the  amount  of 
that  resistance  is  equal  to  the  intensity  of  the  pressure,  expressed 
in  units  of  force  on  each  unit  of  area  (for  example,  in  pounds  on 
the  square  inch,  or  pounds  on  the  square  foot)  multiplied  by  the 
area  of  the  surface  at  which  the  pressure  acts,  if  that  area  is  per- 
pendicular to  the  direction  of  the  motion;  or,  if  not,  then  by  the 
projection  of  that  area  on  a  plane  perpendicular  to  the  direction  of 
motion.  In  practice,  when  the  area  of  a  piston  is  spoken  of,  it  is 
always  understood  to  mean  the  projection  above  mentioned. 

Now,  when  a  plane  area  is  multiplied  into  the  distance  through 
which  it  moves  in  a  direction  pei-pendicular  to  itself,  if  its  motion 
is  straight,  or  into  the  distance  through  which  its  centre  of  gravity- 
moves,  if  its  motion  is  curved,  the  product  is  the  volume  of  the 
space  traversed  by  the  piston. 

Hence  the  work  peiformed  by  a  piston  in  driving  a  fluid  before 

or  by  a  fluid  in  driving  a  piston  before  it,  may  be  expressed  in 
'^r  of  the  following  ways : — 

Eesistance  x  distance  traversed 

— '"xtensity  of  pressure  x  «*•«*  X  distance  traversed; 

"  intensity  of  pressure  X  volume  traversed. 

Fig.^pute  the  work  in  foot-pounds,  if  the  pressure  is 

, ,,  ■>  the  square  foot,  the  area  diould  be  stated  in 

paddle  wheel  near  the  fc.  .^^^^  j^^  ^ubic  feet;  if  the  pressure  is  stated  in 
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poimds  on  the  square  inch,  the  area  should  be  stated  in  square  inches, 
and  the  Yolume  in  units,  each  of  which  is  a  prism  of  one  foot  in 

length  and  one  square  inch  in  area;  that  is,  of  -j^  of  a  cubic  foot 

in  volume. 

The  foUowing  table  gives  a  comparison  of  various  units  in  which 
the  intensities  of  pressures  are  commonly  expressed.    {A,  M,,  86.) 

Poonds  on  the  Poimds  on  the 

sqnara  foot.  aquare  inch. 

One  pound  on  the  square  inch, 144  i 

One  pound  on  the  square  foot, i .  t^ 

One  inch  of  mereuiy  (that  is,  weight 

of  a  colunm  of  mercury  at  32® 

Fahr.,  one  inch  high), 7o73  0*4912 

One  foot  of  water  (at  39°1  Fahr.),         62  425  0-4335 

One  inch  of  water, , 52021  0*036125 

One  atmosphere,  of  29*922  inches 

of  mercury,  or  760  millimetres,     2116*4  ^47 

One  foot  of  air,  at  32^  Fahr.,  and 

under  the  pressure  of  one  atmo- 
sphere,   0*080728  0*0005606 

One  kilogramme   on   the  square 

m^tre, 0-20481  0-00142228 

One  kilogramme   on   the   square 

millimetre,  204810  1422*28 

One  millimetre  of  mercury, 2  -7  847  0*01 934 

7.  Al«ebnilcal  BuFfeMle—  fM  Wwk.  {A,  Jf.,  515,  517,  593.) — 
To  express  the  results  of  the  preceding  articles  in  algebraical  sym- 
bols, let 

8  denote  the  distance  in  feet  through  which  a  resistance  is  over* 
come  in  a  given  time; 

R,  the  amount  of  the  resistance  overcome  in  pounds. 
Also,  supposing  the  resistance  to  be  overcome  by  a  piece  which 
turns  about  an  axis,  let  -^ 

T  be  the  number  of  turns  and  fractions  of  a  turn  made  m  *% 
given  time,  and  i  =  2  xT  =  6*2832  T  the  angular  motion  ^  yxi- 
given  time ;  and  let  , 

I  be  the  leverage  of  the  resistance ;  that  is,  the  per^'asly,  to 
distance  of  the  line  along  which  it  acts  from  the  ax;  ^to  which 
so  that «  =  i  ^,  and  B.  Hs  the  statical  moment  of  the  r^'^  P^o  change 
posing  the  resistance  to  be  a  pressure,  exerted  be^f  *  ^®^1  Jcesented 
a  fluid,  let  A  be  the  area  or  projected  area  of  f  ■"  ^  s"^'\nds  on 
intensity  of  the  pressure  in  pounds  per  unit  '•'^^  where  re  vj^j^  j^. 
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Then  the  following  expressions  all  give  quantitieB  of  work  in  the 
given  time  in  foot-pounds : — 

R«j   iKZ;  pAs;  ipAl, 

The  last  of  these  expressions  is  applicable  to  a  piston  turning  on 
an  axis,  for  which  I  denotes  the  dis^uice  from  the  axifi  to  the  centre 
of  gravity  of  the  area  A. 

8.  Wmk  AgBiut  aa  Obli«««  F«rce.  {A,  3f.,  511.) — The  resist- 
ance directly  due  to  a  force  which  acts  against  a  moving  body  in  a 
direction  oblique  to  that  in  which  the  body  moves,  is  found  by 
resolving  that  force  into  two  components,  one  at  right  angles  to  the 
direction  of  motion,  which  may  he  called  a  lateral  jforcey  and  which 
must  be  balanced  by  an  equal  and  opposite  lateral  force,  unless  it 
takes  effect  by  altering  the  direction  of  the  body*s  motion,  and  the 
other  component  directly  opposed  to  the  body's  motion,  which  is 
the  resista/nce  required.  That  resolution  is  effected  by  means  of  the 
well  known  principle  of  the  parallelogram  of  forces  as  follows : — 
In  fig.  1,  let  A  represent  the  point  at  which  a  resistance  is  over- 

come,  A  B  the  direction  in  which 

that  point  is  moving,  and  let  A  F 

be  a  line    whose  direction    and 
length  represent  the  direction  and 
PI    ^  magnitude    of   a  force  obliquely 

opposed  to  the  motion  oi  A. 
From  F  upon  B  A  produced,  let  fall  the  perpendicular  FR ;  the 
length  of  that  perpendicular  will  represent  tiie  magnitude  of  the 
lateral  component  of  the  oblique  force,  and  the  length  ATR  will 
represent  the  direct  component  or  resistance. 

To  express  this  in  algebraical  symbols,  let  F  denote  the  obliquely 
applied  force,  ^  the  angle  of  its  obliquity,  or  RAF,  Q  the  lateral 
force,  and  R  the  resisfcance;  then 

Q  =  F  -sin^;  R  =  F  •  cos  ^. 

9.  BvBiBiiiii^B  •£  QuwOtiM  of  wavk. — In  every  machine,  resist- 
ances are  overcome  during  the  same  interval  of  time,  by  differ- 
^  moving  pieces,  and  at  different  points  in  the  same  moving 
and  the  whole  work  performed  during  the  given  interval  is 
V  adding  together  the  several  products  of  the  resistances 
-^pective  distances  through  which  they  are  simultaneously 
^t  is  convenient,  in  algebraical  symbols,  to  denote  the 
,    'immation  by  the  symbol — 

^  2  •  Rg; (1.) 

paddle  wheel  near  the  be  operation  of  taking  the  sum  of  a  set  of 
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qnantHies  of  the  kind  denoted  by  the  symbols  to  which  it  is  pre- 
fixed 

When  the  resistances  are  overcome  by  pieces  turning  upon  axes, 
the  above  sum  may  be  expressed  in  the  form — 

2'iB.l; (2.) 

and  so  of  other  modes  of  expressing  quantities  of  work. 

The  following  are  particular  cases  of  the  summation  of  quantities 
of  work  performed  at  different  points : — 

I.  In  a  shifting  pieoe,  or  one  which  has  the  kind  of  movement 
called  trandaiion  only,  the  velocities  of  every  point  at  a  given  in- 
stant are  equal  and  parallel;  hence,  in  a  given  interval  of  time,  the 
motions  of  all  the  points  are  equal ;  and  the  work  performed  is  to 
be  found  by  multiplying  the  sum  of  the  resistcmces  into  the  motion 
as  a  common  factor ;  an  operation  expressed  algebi-aically  thus — 

«2R; (3.) 

II.  For  a  turning  piece,  the  angular  motions  of  all  the  points 
during  a  jdven  interval  of  time  are  equal;  and  the  work  pciformed 
is  to  be  found  by  multiplying  the  svmi  of  the  moments  of  the  resist- 
ances relatively  to  the  cuds  into  the  angular  motion  as  a  common 
factor — ^an  operation  expressed  algebrai(^ly  thus — 

tS-RZ; (4.) 

The  sum  denoted  by  2  *  R  ^  is  the  total  mornent  of  resistcunce  of  the 
piece  in  question. 

IIL  In  every  t/rain  ofmechardsmj  the  proportions  amongst  the 
motions  performed  during  a  given  interval  of  time  by  the  several 
moving  pieces,  can  be  determined  from  the  mode  of  connection  of 
those  pieces,  independently  of  the  absolute  magnitudes  of  those 
motioQB,  by  the  aid  of  the  science  called  by  Mr.  Willis,  Pure 
MechoTusm,.  This  enables  a  calculation  to  be  peiformed  which  is 
called  reducing  the  resistances  to  the  driving  point;  that  is  to  say, 
determining  the  resistances,  which,  if  they  acted  directly  at  the 
point  where  the  motive  power  is  applied  to  the  machine,  would 
require  the  same  quantity  of  work  to  overcome  them  with  th 
actual  resistances.  ^^ 

Suppose,  for  example,  that  by  the  principles  of  pure  meeb 
it  is  found,  that  a  certain  point  in  a  machine,  where  a  resj^g]y  ^ 
is  to  be  overcome,  moves  with  a  velocity  bearing  the  ra{^  which 
the  velocity  of  the  driving  point.  Then  the  work  jhq  chance 
overcoming  that  resistance  will  be  the  same  as  if  a  resi  ^^esented 
were  overcome  directly  at  the  driving  point  If  a  simi)\j^^  ^j^ 
tion  be  made  for  each  point  in  the  machine  where  re  ^qj^  j^. 
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overcome,  and  the  results  added  together,  as  the  following  symbol 
denotes : — 

2-71R, (5.) 

that  sum  is  the  equtvcUerU  resistance  at  the  driving  point;  and  if  in 
a  given  interval  of  time  the  driving  point  moves  through  the  dis- 
tance 8,  then  the  work  performed  in  that  time  is — 

«2  -wR (6.) 

The  process  above  described  is  often  applied  to  the  steam  engine, 
by  reducing  all  the  resistances  overcome  to  equivalent  resistances 
acting  directly  against  the  motion  of  the  piston. 

A  similar  method  may  be  applied  to  the  moments  of  resistances 
overcome  by  rotating  pieces,  so  as  to  reduce  them  to  equivalerit 
TnomenU  at  the  driving  aacle.  Thus,  let  a  resistance  B,  with  the 
leverage  ly  be  overcome  by  a  piece  whose  angular  velocity  of  rota- 
tion bears  the  ratio  n  :  1  to  that  of  the  driving  axle.  Then  the 
equivalent  moment  of  resistance  at  the  driving  axle  is  n  R  ^ ;  and 
if  a  similar  calculation  be  made  for  each  rotating  piece  in  the 
machine  which  overcomes  resistance,  and  the  results  added  to- 
gether, the  sum — 

3-toR^ (7.) 

is  the  total  equivalent  moment  of  resistance  at  the  driving  axle;  and 
if  in  a  given  interval  of  time  the  driving  axle  turns  through  the 
arc  t  to  radius  unity,  the  work  performed  in  that  time  f 


I  2  •  w  R  I (8.) 

IV.  Centre  of  Gravity. — The  work  |)erformed  in  lifting  a  body 
is  the  product  oftfie  loeiglU  of  the  body  into  the  height  through  whidk 
its  centre  of  gravity  is  lifted 

If  a  machine  lifts  the  centres  of  gravity  of  several  bodies  at  onoe 
to  heights  either  the  same  or  different,  the  whole  quantity  of  work 
performed  in  so  doing  is  the  sum  of  the  several  products  of  the 
weights  and  heights ;  but  that  quantity  can  also  be  computed  by 

miUtiplying  the  sum  of  aU  the 
weights  into  the  height  through 
whlcHi,  their  comm^on  centre  of 
groA^ity  is  lifted 

10.  BepvMeniallAB  Af  Wwrk  by 
mn  Area. — ^As  a  quantity  of 
work  is  the  product  of  two 
quantities,  a  force  and  a  motion, 


r 

/I  I  I  f  I  I  I 


-H- 


^        F»g»  2.  it  may  be  represented   by  the 

paddle  wl  P^^®  figure,  which  is  the  product  of  two  dimensions. 
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Fig.  3. 


Let  the  base  of  the  rectangle  A,  fig.  2,  represent  one  foot  of  motion, 
and  its  height  one  pound  of  resistance;  then  will  its  area  represent 
one  foot-pound  of  work. 

In  the  larger  rectangle,  let  the  base  OB  represent  a  certain 
motion  s,  on  the  same  s^e  with  the  base  of  the  unit-area  A;  and 
let  the  height  O  K  represent  a  certain  resistance  R,  on  the  same 
scale  with  the  height  of  the  unit-area  A;  then  will  the  number  of 
times  that  the  rectangle  O  S  *  O  E  contains  the  unit-rectangle  A, 
express  the  nimiber  of  foot-pounds  in  the  quantity  of  work  B,8j 
which  is  performed  in  overcoming  the  resistance  R  through  the 
distance  s, 

11.  W«vk  A«BiMK  Tmrfimg  BcaiMiiBce.  (A.  M,,  515). — In  fig.  3, 
let  distances  as  before,  be  re- 
presented by  lengths  measured 
along  the  bcise  line  O  X  of  the 
figure;  and  let  the  magnitudes 
of  the  resistance  overcome  at 
each  instant  be  represented  by 
the  lengths  of  ordinates  drawn 
|)erpendicular  to  O  X,  and  paral- 
lel to  O  Y  :  —  For  example, 
when  the  working  body  has  moved  through  the  distance  repre- 
sented by  O  S,  let  the  resistance  be  represented  by  the  ordinate  SR. 
K  the  resistance  were  constant,  the  summits  of  those  ordinates 
would  lie  in  a  straight  line  parallel  to  O  X,  like  R  B  in  fig.  2;  but 
if  the  resistance  varies  continuously  as  the  motion  goes  on,  the 
summits  of  the  ordinates  will  lie  in  a  line,  straight  or  curved,  such 
as  that  marked  E  R  G,  fig.  3,  which  is  not  parallel  to  O  X. 

The  values  of  the  resistance  at  each  instant  being  represented  by 
the  ordinates  of  a  given  line  ERG,  let  it  now  be  required  to  deter- 
mine the  work  p^ormed  against  that  resistance  during  a  motion 
represented  by  O  F  =  «. 

Suppose  the  area  O  £  G  F  to  be  divided  into  bands  by  a  series  of 
parallel  ordinates,  such  as  A  0  and  B  D,  and  between  the  upper 
ends  of  those  ordinates  let  a  series  of  short  lines,  such  as  C  D,  be 
drawn  parallel  to  O  X,  so  as  to  form  a  stepped  or  seriated  outline, 
oonrawting  of  lines  parallel  to  OX  and  O  Y  alternately,  and  approxir 
iiwlmg  to  the  given  continuous  line  E  G. 

Now  conceive  the  resistance,  instead  of  varying  continuously,  to 
remain  constant  during  each  of  the  series  of  divisions  into  which 
the  motion  is  divided  by  the  parallel  ordinates,  and  to  change 
abruptly  at  the  instants  between  those  divisions,  being  repiesented 
for  each  division  by  the  height  of  the  rectangle  which  stands  on 
that  division :  for  example,  during  the  division  of  the  motion  re- 
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presented  by  A  B,  let  the  resistance  be  represented  by  A  C,  and  so 
for  other  divisions. 

Then  the  work  performed  during  the  division  of  the  motion  re- 
presented by  A  By  on  the  supposition  of  alternate  constancy  and 
abrupt  variation  of  the  resistance,  is  represented  by  the  rectangle 
AB  'AC ;  and  the  whole  work  performed,  on  the  same  supposition, 
during  the  whole  motion  O  F,  is  represented  by  the  sum  of  all  the 
rectangles  lying  between  the  parallel  ordinate  j  and  inasmuch  as 
the  supposed  mode  of  variation  of  the  resistance  represented  by  the 
stepped  outline  of  those  rectangles  is  an  approximation  to  the  real 
mode  of  variation  represented  by  the  continuous  line  E  G,  and  is  a 
closer  approximation  the  closer  and  the  more  numerous  the  parallel 
ordinates  are,  so  the  sum  of  the  rectangles  is  an  approximation  to 
the  exact  representation  of  the  work  performed  against  the  conti- 
nuously varying  resistance,  and  is  a  closer  approximation  the  closer 
and  more  numerous  the  ordinates  are,  and  by  making  the  ordinates 
numerous  and  close  enough,  can  be  made  to  differ  from  the  exact 
representation  by  an  amount  less  than  any  given  difference. 

But  the  sum  of  those  rectangles  is  also  an  approximation  to 
the  area  O  E  G  F,  bounded  above  by  the  continuous  line  E  G,  and  is 
a  closer  approximation  the  closer  and  the  more  numet-ous  the  ordi- 
nates are,  and  by  making  the  ordinates  numerous  and  close  enough, 
can  be  made  to  differ  from  the  area  O  E  G  F  by  an  amount  less 
than  any  given  difference. 

Therefore  the  area  OEGF,  hounded  by  the  straight  line  OF,  which 
represents  the  motion,  by  the  line  E  G,  whose  ordinaries  represent  the 
values  of  the  resistance,  and  by  the  ttvo  ordin^ates  O  E  and  F  G,  repre- 
sents exactly  the  work  performed. 

The  MEAN  RESISTANCE  during  the  motion  is  found  by  dividing 
the  area  O  E  G  F  by  the  motion  O  F. 

The  following  is  the  mode  of  expressing  the  above  results  in 
algebraical  symbols : — 

Let  any  division  of  the  motion,  such  as  A  B,  be  denoted  hj  A8\ 
s  —  2'As  being  the  sum  of  all  these  divisions,  or  the  entire  motion 

OF.  

Let  one  of  the  values  of  the  resistance  for  the  division  A  B  of  the 
motion  be  R ;  and  let  this  represent  the  height  AC  of  the  rectangle 
which  stands  on  A  B  in  the  approximate  representation  of  the  work 
Then 

represents  the  area  of  that  rectangle;  and  the  sum  of  the  whole 
series  of  rectangles,  which  is  an  approximate  representation  of  the 
work  performed,  is  denoted  by 
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a-RA« (1.) 

The  limit  or  nrrEGRAL  towards  which  that  sum  approximates  as 
the  divisions  A  a  are  increased  indefinitely  in  number,  and  dimi- 
nished indefinitely  in  lengtii,  being  the  area  O  E  G  F,  and  the  eoKUt 
represenUUion  ofAe  work  perform^,  is  denoted  by 


j  ads;. 


.(2.) 


and  the  mean  resistance  by 


fuds 


To  illustrate  the  i4)plication  of  those  principles  \j  an  example,  let 
there  be  a  spiral  spring  which  exerts  a  tension  of  100  lbs.  when  it 
is  stretched  one-tenth  of  a  foot,  and  whose  tension  at  other  elonga- 
tions varies  simply  as  the  elongation;  and  let  it  be  required  to  ^d 
how  much  work  is  performed  in  stretching  it  from  its  ordinary  state 
to  an  elongation  of  0  06  of  a  foot.  In  ^g,  4,  on  the  straight 
line  O  X,  take  O  A  to  represent  0-1 
foot,  and  draw  A B  -L  OX  to  re- 
present 100  lbs.  Draw  the  straight 
line  O  B  ;  then  because  the  tensions 
are  simply  proportional  to  the  elon- 
gations, the  ordinate  BTS  II  A  B  will 
represent  the  tension  B.  for  any  given  Fig.  4. 

elongation  0  8  =  *;  and  the  triangular  area  O  S  R  =  ——will  re- 
present the  work  perfoimed  in  producing  that  elongation.  In  the 
present  caae, 

«  =  0-06foot;  R= ^pi =601ba;  and 

— ^  =1-8  foot-pounds, 

while  the-mean  resistance  during  the  elongation  is 
^%.  =  |=301bs. 


11  A.  Apr*«xtaui<»  C^mipatau^s  •f  lategmU.  (Extracted  from 
A.M.y  81). — Beference  having  been  made  to  the  process  of  inlegror 
tioUf  the  present  article  is  intended  to  afford  to  those  who  have  not 
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made  that  branch  of  mathematics  a  special  study,  »ome  elementary 
information  respecting  it 

The  meaning  of  the  symbol  of  an  integral,  viz. : — 


j  ydx, 


is  of  the  following  kind : — 


In  fig.  5,  let  A  C  D  B  be  a  plane  area,  of  which  one  boundary,  AB 

is  a  portion  of  an  axis  of  abscissas 
OX,  —  the  opposite  boundary, 
C  D,  a  curve  of  any  figure, — and 
the  remaining  boundaries,  A  C, 
B  D,  ordinates  perpendicular  to 
■^  O  X,  whose  respective  abscissae, 
or  distances  from  the  origin  0,  are 


Fig.  5. 


O  A  =  a;  OB  =  6. 


Let  E  F  =  y  be  any  ordinate  whatsoever  of  the  curve  C  D,  and 
O  E  =  a;  the  coiTesponding  abscissa.  Then  the  integral  denoted  by 
the  symbol. 


j\ydxy 


means,  the  area  of  the  figure  A  C  D  B.  The  abscissae  a  and  by 
which  are  the  least  and  greatest  values  of  x,  and  which  indicate 
the  longitudinal  extent  of  the  area,  are  called  the  Ivmita  ofirUegra- 
tion;  but  when  the  longitudinal  extent  of  the  area  is  otheinvise  in- 
dicated, the  symbols  of  those  limits  are  sometimes  omitted,  as  in 
the  preceding  Article. 

When  the  relation  between  y  and  x  is  expressed  by  any  ordinary 
algebraical  equation,  the  value  of  the  integral  for  a  given  pair  of 
values  of  its  limits  can  generally  be  found  by  means  of  formulae 
which  are  contained  in  works  on  the  Integral  Calculus,  or  by  means 
of  mathematical  tables. 

Cases  may  arise,  however,  in  which  y  cannot  be  so  expressed  in 
terms  of  x]  and  then  approximate  methods  must  be  employed. 
Those  approximate  methods  are  founded  upon  the  division  of  the 
area  to  be  measured  into  bands  by  parallel  and  equi-distant  ordi- 
nates, the  approximate  computation  of  the  areas  of  those  bands,  and 
the  adding  of  them  together;  and  the  more  minute  that  division  is, 
the  more  near  is  the  residt  to  the  truth.  The  simplest  approxima- 
tion is  as  follows  : — 

Divide  the  area  A  C  D  B,  as  in  fig.  6,  into  any  convenient  num- 
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ber  of  bands  by  paralljel  ordinates,  whose  uniform  distance  apart 
is  ^  a;;  80  that  if  n  be  the  num- 
ber of  bands,  «  +  1  will  be  the 
number  of  ordinates,  and 

b  —  a=2n  Ax, 


o — -j^  ^ 

the  length  of  the  figure.  Fig.  6.  " 

I^*  y'>  y">  denote  the  two  ordinates  which  bound  one  of  the 
bands;  then  the  area  of  that  band  is 

^  "^  ^     •  -2^  X,  nearlt/; 

and  oonsequentlj,  adding  t(^ther  the  approximate  areas  of  all  the 
bandSy— denoting  the  extreme  ordinates  as  follows, — 

and  the  intermediate  ordinates  hj  yt,  we  find  for  the  approximate 
value  of  the  integral — 


'ly. 


f  ydx  =  ^'\-  ^  +TyA  Ax,neari 

12.  VwAil  Work  wi4  iioM  W«ri£. — The  useful  work  of  a  ma- 
chine is  that  which  is  performed  in  effecting  the  purpose  for  which 
the  machine  is  designed  The  lost  work  ia  that  which  is  performed 
in  producing  effects  foreign  to  that  purpose.  The  resistances  over- 
come in  peiforming  those  two  kinds  of  work  are  called  respectively 
us^td  resistance  and  pr^fudicUd  resistance. 

The  useful  work  and  the  lost  work  of  a  machine  together  make 
np  its  total  or  gross  loork. 

In  a  pumping  engine,  for  example,  the  useful  work  in  a  given 
time  is  the  product  of  the  weight  of  water  lifted  in  that  time  into 
the  height  to  which  it  is  lifted :  the  lost  work  is  that  performed  in 
overcoming  the  friction  of  the  water  in  the  pumps  and  pipes,  the 
Motion  of  the  plungers,  pistons,  valves,  and  mechanism,  and  the 
resistance  of  the  air  pump  and  other  parts  of  the  engine. 

In  many  machines,  there  is  great  difficulty  in  precisely  drawing 
the  line  between  useful  work  and  lost  work.  In  the  case  of  the 
special  subjects  of  this  treatise.  Prime  Movers,  that  difiiculty  sel- 
dom exists.  They  are  machifies/or  driving  other  machines;  so  that 
their  useful  work  is  that  performed  in  overcoming  the  resistances 
of  the  machines  which  they  drive;  and  their  lost  work  is  that  per- 
formed in  overcoming  their  own  resistances. 
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For  example,  tlie  useful  work  of  a  marine  steam  engine  in  a 
given  time  is  the  product  of  the  resistance  opposed  by  the  water  to 
the  motion  of  the  ship,  into  the  distance  through  which  she 
moves :  the  lost  work  is  that  performed  in  overcoming  the  resist- 
ance of  the  water 'to  the  motion  of  the  propeller  through  it,  the 
friction  of  the  mechanism,  and  the  other  resistances  of  the  engine, 
and  in  raising  the  temperature  of  the  condensation  water,  of  the 
gases  which  escape  by  the  chimney,  and  of  adjoining  bodi(». 

There  are  some  cases,  such  as  those  of  muscular  power  and  of 
windmills,  in  which  the  useful  work  of  a  prime  mover  can  be 
determined,  but  not  the  lost  work. 

13.  Frtcti«H.  (Partly  extracted  and  abridged  from  A,  if.,  189, 
190,  191,  204,  and  669  to  685).— The  most  firequent  cause  of  loss 
of  work  in  machines  ia  friction — being  that  force  which  acts  be- 
tween two  bodies  at  their  surface  of  contact  so  as  to  resist  their 
sliding  on  each  other,  and  which  depends  on  the  force  with  which 
the  bodies  are  pressed  together.  The  following  law  respecting  the 
friction  of  solid  bodies  has  been  ascertaiued  by  experiment : — 

2%e  friction  which  a  given  pair  ofadid  bodies,  wUh  theyr  eurfctees 
in  a  given  condiUon,  are  capable  of  eocertin/gy  is  simply  proportional 
to  the  force  wUh  which  they  a/re  pressed  toge^ier. 

There  is  a  limit  to  the  exactness  of  the  above  law,  when  the 
pressure  becomes  so  intense  as  to  crush  or  grind  the  parts  of  the 
bodies  at  and  near  their  surface  of  contact.  At  and  beyond  that 
limit  the  friction  increases  more  rapidly  than  the  pressure;  but 
that  limit  ought  never  to  be  attained  at  the  bearings  of  any 
machine.  For  some  substances,  especially  those  whose  surfaces 
are  sensibly  indented  by  a  moderate  pressure,  such  as  timber,  the 
friction  between  a  paii'  of  surfaces  which  have  remained  for  some 
time  at  rest  relatively  to  each  other,  is  somewhat  greater  than  that 
between  the  same  pair  of  surfaces  when  sliding  on  each  other. 
That  excess,  however,  of  the  friction  of  rest  over  the  friction  of 
motion,  ia  instantly  destroyed  by  a  slight  vibration;  so  that  the 
friction  of  motion  is  alone  to  be  taken  into  account  as  causing  con- 
tinuous loss  of  work.  In  general,  the  bearings  of  machines  ought 
not  to  be  left  long  enough  at  rest  at  a  time  to  allow  the  friction 
sensibly  to  inci*ease  beyond  the  friction  of  motion. 

The  friction  between  a  pair  of  bearing  surfaces  is  calculated  by 
multiplying  the  force  with  which  they  are  directly  pressed  together, 
by  a  factor  called  the  co-effiderd  of  friction,  which  has  a  special 
value  depending  on  the  nature  of  the  materials  and  the  state  of  the 
surfaces  as  to  smoothness  and  lubrication.  Thus,  let  R  denote  the 
friction  between  a  pair  of  surfaces;  Q,  the  force,  in  a  direction  per- 
pendicular to  the  surfaces,  with  which  they  are  pressed  together ; 
and /the  co-efficient  of  friction;  then 
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The  co-efficient  of  frictioii  of  a  given  pair  of  surfaces  is  ihe  tan- 
gent of  an  angle  called  the  angle  qjf  repose,  being  the  greatest  angle 
which  an  oblique  pressure  between  the  surfieM^es  can  make  with  a 
perpendicnlar  to  them^  without  making  them  slide  on  each  other. 

The  following  is  a  table  of  the  angle  of  repose  ^,  the  co-efficient 
of  friction  /=  tan  0,  and  its  reciprocal  1  :/,  for  the  materials  of 
mechanism — condensed  from  the  tables  of  Greneral  Morin,  and 
other  sources,  and  arranged  in  a  few  comprehensive  classes.  The 
values  of  those  constants  which  are  gi^en  in  the  table  have  re- 
ference to  the  JricHon  of  motion* 


No. 


SUBFACBS. 

Wood  on  wood,  dir, 

„  „     soaped, 

Metals  on  oak,  dry, 

>i  n      ^*«t» 

„  „      soapy, 

Metals  on  elm,  dry, 

Hemp  on  oak,  dry, 

»  »i     ^et. 

Leather  on  oak, * 

Leather  on  metals,  dry, 

It  n  "^^^ • 

„  „        greasy, 

M  «        oi\y, 

Metals  on  metals,  dry, 

n  t»        "^^ 

Smooth  Buiiaces,  occasionally  greased, 
„  „        continually  greased. 

„  „        best  results, 

Bronse  on  lignnm  yitss,  constantly  wet, 


14°  to  26^' 
llj®  to  2* 
26i*»  to  81* 
13i"®tol4i' 

lli« 
lli^  to  14' 

28*» 

18J° 
15°  to  19J^ 

29t° 

20° 
13° 

8A° 
8J°  to  1U= 

16J° 
4°  to  4i° 

3° 
If  °  to  2° 

3°? 


/ 


1:/ 


•26  to  -6 

4  to  2 

•2  to  -04 

6  to  26 

•5  to  -6 

2  to  1-67 

•24  to  -26 

4-17  to  3-86 

•2 

5 

•2  to  -25 

5  to  4 

•58 

1-89 

•83 

8 

•27  to  -88 

3-7  to  2-86 

•56 

1-79 

•36 

278 

•23 

4^86 

•16 

C-67 

•15  to  '2 

6-67  to  5 

•3 

d^38 

•07  to  •OS 

14-3  to  12-5 

•06 

20 

03  to  -036 

83-3  to  27-6 

•05? 

20? 

*  In  a  paper,  of  which  an  abstract  has  appeared  in  the  Connies  Rendu$  of  the 
French  Academy  of  Sciences  for  the  26th  of  April,  1858,  M.  H.  Bochet  describes  a 
series  of  experiments  which  have  led  him  to  the  conclusion,  that  the  fnction  between 
a  pair  of  snrfkces  of  iron  is  not,  as  it  has  hitherto  been  believed,  absolutely  in- 
dependent of  the  Telocity  of  sliding,  but  that  it  diminishes  slowly  as  that  velocity 
increaws,  acoordmg  to  a  law  expressed  by  the  followmg  formula.    Let 

R  denote  the  friction ; 

Q,  the  pressure; 

V,  the  vdodty  of  sliding,  in  metres  per  second  =  velodty  in  feet  per  second 
X  0-8048; 

fithy,  constant  co-efi&dents ;  then 

R  _/+  yav 
Q  ~^  1  +  av  ' 

The  fbOowuig  are  the  values  of  the  co-effidents  deduced  by  M.  Bochet  from  his 
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14.  VugaentM. — Three  results  in  the  preceding  table,  Nos.  16, 17, 
and  18,  have  reference  to  smooth  firm  surfaces  of  any  kind,  gr^sed 
or  lubricated  to  such  an  extent  that  the  friction  depends  chiefly  on 
the  continual  supply  of  unguent,  and  not  sensibly  on  the  nature  of 
the  solid  surfaces;  and  this  ought  almost  always  to  be  the  case  in 
machinery.  Unguents  should  be  thick  for  heavy  pressures^  that 
they  may  resist  being  forced  out,  and  thinHbr  light  pressures,  that 
their  viscidity  may  not  add  to  the  resistance. 

Unguents  may  be  divided  into  four  classes,  as  follows  : — 

I.  Water,  which  acts  as  an  unguent  on  sur£u>es  of  wood  and 
leather.  It  is  not,  however,  an  unguent  for  a  pair  of  metallic 
surfaces;  for  when  applied  to  them,  it  increases  their  friction. 

II.  Oily  unguents,  consisting  of  animal  and  vegetable  fixed  oils, 
as  tallow,  lard,  lard  oil,  seal  oH,  whale  oil,  olive  oil.  The  vegetable 
drying  oOs,  such  as  linseed  oil,  are  unfit  for  unguents,  as  they 
absorb  oxygen,  and  become  hard  The  animal  oils  are  on  the 
whole  better  than  the  vegetable  oils. 

III.  Soapy  ungv/efnta,  composed  of  oil,  alkali,  and  water.  For  a 
temporary  purpose,  such  as  lubricating  the  ways  for  the  launch  of 
a  slup,  one  of  the  best  unguents  of  this  class  is  soft  soap,  made  from 
whale  oil  and  potash,  and  used  either  alone  or  mixed  with  tallow. 
But  for  a  permanent  purpose,  such  as  lubricating  railway  carriage 
axles,  it  is  necessary  that  the  unguent  should  contain  less  water 
and  Tnore  oil  or  fatty  matter  than  soft  soap  does,  otherwise  it 
would  dry  and  become  stiff  by  the  evaporation  of  the  water.  The 
best  grease  for  such  purposes  does  not  contain  more  than  fix)m  25 
to  30  per  cent,  of  water;  that  which  contains  40  or  50  per  cent, 
is  bad. 

IV.  Bituminous  unguents,  composed  of  solid  and  liquid  mineral 
hydrocarbons.  These  unguents  have  the  advantage  of  not  becom- 
ing dry,  nor  being  altered  by  the  action  of  the  air. 

The  irUensUy  of  the  pressure  between  a  pair  of  greased  surfaces 
ought  not  to  be  so  great  as  to  force  out  the  unguent.  It  appears, 
that  in  practice,  the  following  are  ordinary  values  of  that  in- 
tensity:— 

Lbs.  per  sqnare  inch. 

For  cylindrical  journals, 450  to  150 

For  flat  pivots, 2240 

For  timber  ways  used  in  launching  ships, •  50 

expeiiments,  for  iron  surfaces  of  wheels  and  skids  nibbing  longitudinally  on  iron 
rails: — 
/  for  dry  saifaoes,  0-8,  0-25,  0-2 ;  for  damp  surfaces,  014. 

a,  for  wheels  sliding  on  rails,  0*03 ;  for  skids  sliding  on  rails,  0*07. 

y,  not  yet  determined,  bat  treated  meanwhile  as  inappreciably  amall. 
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The  voork  perfoTtned  in  a  given  time  in  OYercoming  the  friction 
hekween  a  pair  g£  surfisusee  is  the  product  of  that  friction  into  th« 
^iistance  ihrouglx  ^which  one  sorface  slides  over  the  other. 

When  tike  motion  of  one  surface  relatively  to  the  other  consists 
b  rotation  about  an  axis,  the  'work  performed  may  also  be  cal- 
cukted  \>y  multiplying  the  relative  cmgtUcn'  motion  of  the  surfaces 
to  ndiuB  unity  into  the  momerU  of  friction  ;  that  is,  the  product  of 
the  friction  into  its  leverage,  which  is  the  mean  distance  of  the 
tabbing  surfiELoes  from  the  axis. 

¥oT  a  cylindrical  journal,  the  leverage  of  the  friction  is  simply 
the  radius  of  the  joumaL 

¥oT  a  fial  pivoiy  the  leverage  is  two-thirds  of  the  radius  of  the 

pivot. 

¥or  a  ooUoTy  let  r  and  /  be  the  inner  and  outer  radii;  then  the 

leverage  of  the  friction  is 

'FoT  "Schide^s  anH-/riction  pivot^  whose  longitudinal  section  is 
the  curve  called  the  "  tractrix,"  the  moment  of  friction  is/  x  the 
loAd  X  the  external  radius.  This  is  greater  than  the  moment  for 
an.  equally  smooth  flat  pivot  of  the  same  radius;  but  the  anti-fric- 
tion pivot  has  the  advantage,  inasmuch  as  the  wear  of  the  surfaces 
is  uniform  at  eveiy  point,  so  that  they  always  fit  each  other  accu- 
r&tely,  and  the  pressure  is  always  uniformly  distributed,  and  never 
becomes,  as  is  the  case  in  other  pivots,  so  intense  at  certain  points 
as  to  force  out  the  unguent  and  grind  the  surfaces. 

In  the  cup  cmd  haU  pivot,  the  end  of  the  shaft,  and  the  step  on 
-vrliich  it  presses,  present  two  recesses  facing  each  other,  into  which 
are  fitted  two  shallow  cups  of  steel  or  hard  bronz&  Between  the 
ooncave  spherical  sur&ces  of  those  cups  is  placed  a  steel  ball,  being 
either  a  complete  sphere,  or  a  lens  having  convex  surfaces  of  a 
somewhat  less  radius  than  the  concave  surfaces  of  the  cups.  The 
moment  of  friction  of  this  pivot  is  at  first  almost  inappreciable, 
'from  the  extreme  smaUness  of  the  radius  of  the  circles  of  contact 
of  the  ball  and  cups ;  but  as  they  wear,  that  radius  and  the  moment 
of  friction  increase. 

By  the  rolling  of  two  surfaces  over  each  other  without  sliding,  a 
resistance  is  caused,  which  is  called  sometimes  '^  rolling  friction," 
bfut  more  cotrectly  roUing  resistance.  It  is  of  the  nature  of  a  couple 
resisting  rotation;  its  moment  is  found  by  multiplying  the  normal 
preasure  between  the  rolling  surfaces  by  an  arm  whose  length 
•depends  on  the  nature  of  the  rolling  surfEUses;  and  the  work  lost 
in  an  unit  of  time  in  overcoming  it  is  the  product  of  its  moment 
by  the  angtdar  velocity  of  the  rolling  sui&ces  relatively  to  each 

o 
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other.   The  following  are  approximate  values  of  the  aim  in  decimals 
of  a  foci : — 

Oak  i:qx>n  oak, 0*006  (Conlomh). 

Lignnm-vitiB  on  oak, ...0*004         — 

Cast-iron  on  cast-iron, 0*002  (Tredgold). 

The  work,  lost  in  friction  prodnoes  heat  in  the  proportion  of  one 
British  thermal  unit^  being  so  much  heat  as  raises  the  temperature 
of  a  pound  of  water  one  degree  of  Fahrenheit,  for  every  772  foot- 
poimds  of  lost  work. 

The  heat  produced  bj  friction,  when  moderate  in  amount,  is 
useful  in  softening  and  Hquefying  unguents;  but  when  excessiye, 
it  is  prejudicial  hj  decomposing  the  unguents,  and  sometimes  even* 
by  seining  the  metal  of  the  bearings,  and  raising  their  tempera- 
ture so  high,  as  to  set  fire  to  neighbouring  combustible  mattersw 

Excessive  heating  is  prevented  by  a  constant  and  copious  supply 
of  a  good  unguent.  The  elevation  of  temperature  produced  by  the 
frictidn  of  a  joinnal  is  sometimes  used  as  an  experimental  test  of  the 
quality  of  unguents.  When  the  velocity  of  rubbing  id  about  four 
or  live  feet  per  second,  the  elevation  of  temperature  has  been  found 
by  some  recent  experiments  to  be,  with  good  fatty  and  soapy  un- 
guents, 40°  to  5(f  Fahrenheit)  with  good  mineral  unguents  about  30''. 

14a.  w«a  •f  Aeeeienutoa.  {A.  M,,  12, 521-33, 536,;547, 549, 554, 
589,  591,  593,  695-7.V--Tn  order  that  the  velodty  of  a  body  s 
motion  may  be  changea,  it  must  be  acted  upon  by  some  other  body 
with  a  force  in  the  direction  of  the  change  of  velocity,  which  force 
is  proportional  directly  to  the  change  of  velocity,  and  to  the  mass 
of  the  body  acted  upon,  and  inversely  to  the  time  occupied  in  pro- 
ducing the  change.  If  the  change  is  an  acceleration  or  increase  of 
velocily,  let  the  first  body  be  c&Ued  the  driven  body,  and  the  second 
the  drwvng  body.  Then  the  force  must  act  upon  lie  driven  body 
in  the  direction  of  its  motion.  Every  force  being  a  pair  of  equal 
and  opposite  actions  between  a  pair  of  bodies,  the  same  force  which 
accelerates  the  driven  body  is  a  residamct  as  respects  iiie  driving 
body. 

For  example,  during  the  commencement  of  the  stroke  of  the 
piston  of  a  steam  engine,  the  velocity  of  the  piston  and  of  its  rod  is 
accelerated;  and  that  acceleration  is  produced  by  a  certain  part  of 
the  pressure  between  the  steam  and  the  piston,  being  the  excess  of 
that  pressure  above  the  whole  resistance  which  the  piston  has  to 
overcome.  The  piston  and  its  rod  constitute  the  driven  body;  the 
steam  is  the  driving  body;  and  the  same  part  of  the  pressure  which 
accelerates  the  piston,  acts  as  a  resistance  to  the  motion  of  the 
steam,  in  addition  to  the  resistance  which  would  have  to  be  over- 
come if  the  velocity  of  the  piston  were  unifonn. 
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The  resistance  due  U>  acceleration  is  computed  in  the  following 
manner : — It  is  known  by  experiment,  that  if  a  body  near  the 
earth's  surface  is  accelerated  by  the  attraction  of  the  earth, — ^that 
is,  by  its  own  weighty  or  by  a  force  equal  to  its  own  weight,  its 
velocity  goes  on  contmually  increasing  very  nearly  at  the  rate  of 
Z2'2  feet  per  second  of  additional  vdocUy,for  eack  second  daring 
\ohick  the  force  acts.  This  quantity  varies  in  di£ferent  latitudes,  and 
at  diffarent  elevations,  but  the  value  just  given  is  near  enough  to 
the  truth  for  purposes  of  mechanical  engineering.  For  brevity's 
sake,  it  is  usually  denoted  by  the  symbol  g;  so  that  if  at  a  given 
instant  the  velocity  of  a  body  is  Vi  feet  per  second,  and  if  its  own 
weight,  or  an  equal  force,  acts  freely  on  it  in  the  direction  of  its 
motion  for  t  seconds,  its  velocity  at  tlie  end  of  that  time  will  have 
increased  to 

Vt=zvi  +  gt (1.) 

If  the  acceleration  be  at  any  different  rate  per  second,  the  force 
necessary  to  produce  that  a>ccelera6ion,  being  the  reeistanoe  on  the 
driving  body  due  to  the  acederaiion  of  the  driven  body,  bears  the  saane 
proportion  to  the  driven  body^s  uxight  which  the  a^stual  rate  of  acede- 
ration  bec^s  to  the  rate  of  acceleraiion  produced  by  gravity  acting 
fredy. 

To  express  this  by  symbols,  let  the  weight  of  the  driven  body  be 
denoted  by  W.  Let  its  velocity  at  a  given  instant  be  vi  feet  per 
second ;  and  let  that  velocity  increase  at  an  uniform  rate,  so  that 
at  an  instant  t  seconds  later,  it  is  v^  feet  per  second. 

Let/ denote  the  rate  of  acceleration;  then 

/=^'; (2.) 

and  the  force  R  necessary  to  produce  it  will  be  given  by  the  pro- 
portion, 

<,:/::W:R; 
that  is  to  say, 

^^/W^W(.,-r.) 

TIT 

The  &ctor  — ,  in  the  above  expression,  is  called  the  mass  of  the 

driven  body;  and  being  the  same  for  the  same  body,  in  what  place 
soever  it  may  be,  is  held  to  represent  the  quantity  of  matter  in  the 
body. 

"W  V 

The  product of  the  mass  of  a  body  into  its  velocity  at  any 
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instant,  is  called  its  uomentuh;  so  that  the  resistance  due  to  a 
given  acceleration  is  equal  to  the  inGrease  qf7nomen6u/m  divided  by 
tli£  time  which  that  increase  occupies. 

If  the  product  of  the  force  by  which  a  body  is  accelerated,  equal 
and  opposite  to  the  resistance  due  to  acceleration,  into  the  time 
during  which  it  acts,  be  called  impulse,  the  same  principle  may  be 
otherwise  stated  by  saying,  that  the  increase  qfmomerUiMn  is  equal 
to  the  impulse  by  which  it  is  caused. 

If  the  rate  of  acceleration  is  not  constant,  but  variable,  the  force 
R  varies  along  with  it     In  this  case,  the  value,  at  a  given  instant 

of  the  rate  of  acceleration,  is  represented  by/  =  -=— ,  and  the  cor- 

a  t 

responding  value  of  the  force  is 

B=-^=E.^ (4.) 

9        g     dt  ,  ^  ^ 

The  woEK  PEBFOBHED  in  accelerating  a  body  is  the  product  of 
the  resistance  due  to  the  rate  of  acceleration  into  the  distance 
moved  through  by  the  driven  body  while  the  acceleration  is  going 
on.  The  resistance  is  equal  to  the  mass  of  the  body,  multiplied  by 
the  increase  of  velocity,  and  divided  by  the  time  which  that 
increase  occupies.  The  distance  moved  through  is  the  product  of 
the  mean  velocity  into  the  saine  tima  Therefore,  the  work  per- 
formed is  equal  to  the  mass  of  the  body  multiplied  by  the  increase 
of  the  velocity,  and  by  the  mean  velocity;  that  is^to  the  mass  of 
the  body,  nmUiplied  by  the  i/ncrease  of  the  half-squ4Jure  o/its  vdocity. 

To  express  this  by  symbols,  in  the  case  of  an  umform  rate  of 
acceleration,  let  s  denote  the  distance  moved  through  by  the  driven 
body  during  the  acceleration;  then 

'='-^t; (5.) 

which  being  multiplied  by  equation  3,  gives  for  the  work  of  accel- 
eration, 

XC  6  = .   z .   s •  t  = .  5 (0.) 

g  t  2  g  2     '  ^   ^ 

In  the  case  of  a  variable  rate  of  acceleration,  let  v  denote  the  mean 
velocity,  and  ds  the  distance  moved  through,  in  an  interval  of  time 
dt  so  short  that  the  increase  of  velocity  dv  \b  indefinitely  small 
compared  with  the  mean  velocity.     Hien 

ds  zzvdt', (7.) 
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which  being  mnltiplied  by  equation  4,  gives  for  the  work  of  accel- 
eration during  the  interval  d  t, 

T>  ,        W      dv  ,, 

9       dt 

=  ?  .vdv, (8.) 

9 

and  the  inJtegraJtion  of  this  expression  (see  Article  11a)  gives  for 
the  work  of  acceleration  during  a  finite  interval, 

Ilxd8  =  —  \vdv  =  —  .   -^r — - (9.) 

•'  9  -^  9  ^ 

being  the  same  with  the  result  already  arrived  at  in  equation  6. 

From  equation  9  it  appears  that  the  work  performed  in  producin9 
a  gvoen  cuxdercUion  depends  on  the  initial  cmd  fined  velocities,  Vj  and 
Y^  and  not  on  the  intermediate  chan9e8  o/velociti/. 

If  a  body  fiJls  freely  under  the  action  of  gravity  from  a  state  of 
rest  through  a  height  h,  so  that  its  initial  velocily  is  0,  and  its  final 
velocity  v,  the  work  of  acceleration  performed  by  the  earth  on  the 
body  is  simply  the  product  W  A  of  the  weight  of  the  body  into  the 
height  of  flEblL     Comparing  this  with  equation  6,  we  find — 

'=T, <^«) 

This  quantity  is  called  the  height^  or  faU,  doe  to  the  vdodty  v  ] 
and  from  equations  6  and  9  it  appears  that  the  work  performed  in 
producmg  a  given  accderaiion  is  the  saam  toith  that  performed  in 
lifting  the  driven  body  through  tlie  difference  of  the  heights  dfue  to  its 
initial  amd  final  velocities. 

If  work  of  acceleration  is  performed  by  a  prime  mover  upon 
bodies  which  neither  form  part  of  the  prime  mover  itself,  nor  of  the 
machines  which  it  is  intended  to  drive,  that  work  is  lost;  as  when 
a  marine  engine  performs  work  of  acceleration  on  the  water  that  is 
struck  by  the  propeller. 

Work  of  acceleration  performed  on  the  moving  pieces  of  the 
prime  mover  itself,  or  of  the  machinery  driven  by  it,  is  not  neces- 
sarily lost^  as  will  afterwards  appear. 

15.  SwHBMifMi  ef  W«ri£  mt  A^eetMetrnMimat—mimmmmt  ef  iBcrUa^Bfl- 
^mmmd  liM*tia.^^If  several  pieces  of  a  machine  have  their  velocities 
increased  at  the  same  time,  the  work  performed  in  accelerating  them 
is  the  sum.  of  the  several  quantities  of  work  due  to  the  acceleration 
of  the  respective  pieces;  a  result  expressed  in  symbols  by 


{f  ■'^} : ■<>•) 
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The  process  of  &iding  that  sam  is  facilitated  and  abridged  in 
certain  cases  hj  special  methods. 

I.  A  cc^ercUed  dotation — Moment  of  Inertia, — Let  a  denote  the 
angular  velocity  of  a  solid  body  rotating  about  a  fixed  axis; — iihaX 
is,  as  explained  in  Article  5,  the  velocity  of  a  point  in  the  body 
whose  radius-vector,  or  distance  ftom  the  axis,  ia  unity. 

Then  the  velocity  of  a  particle  whose  distance  £rom  the  axis 
is  r,  is 

V  znar; (2.) 

and  if  in  a  given  interval  of  time  the  angular  velocity  is  accelerated 
from  the  value  cti  to  tiie  value  a„  the  increase  of  the  velocity  of  the 
particle  in  question  is 

«,  -  Vi=zr((h  -  «!> (3.) 

Let  w  denote  the  weight,  and  ..  the  mass  of  the  particle  in  ques- 

9 
tion.  Then  the  work  performed  in  accelerating  it,  being  equal  to 
the  product  of  its  mass  into  the  increase  of  the  half-square  of  its 
velocity,  is  also  equal  to  iheprodwst  ofiZa  mass  mto  the  sqaare  ofiis 
radvus-^vector,  and  into  the  increase  of  the  half -square  ofihe  angvloT 
velocity;  that  is  to  say,  in  symbols, 

^ (4.) 

To  find  the  work  of  acceleration  for  the  whole  body,  it  is  to  be  con- 
ceived to  be  divided  into  small  particles,  whose  velocities  at  any 
given  instant,  and  also  their  accelerations,  are  proportional  to  their 
distances  from  the  axis ;  then  the  work  of  acceleration  is  to  be  found 
for  each  particle,  and  the  results  added  together.  But  in  the  sum  so 
obtained,  the  increase  of  the  half-square  of  the  angular  velocity  is  a 
common  factor,  having  the  same  value  for  each  particle  of  the  body; 
and  the  rate  of  acceleration  produced  by  gravity,  ^  =  32*2,  is  a 
common  divisor.  It  is  therefore  sufficient  to  add  together  the  pro- 
ducts ofihe  toeight  of  each  pa/rtide  (w)  into  the  square  of  its  radius- 
vector  (r*),  and  to  multiply  the  mm.  so  obtained  {2  *  w  ?)  by  the  in- 
crease of  the  half-squanv  of  tJis  angtdar  vdocity  (-  (aj  -  a;)j,  and 

divide  by  ifie  rate  of  acceleration  due  to  gravity  (g).  The  result, 
viz.: — 

is  the  work  of  acceleration  sought  In  fact,  the  sum  ^  10  r*  ia  the 
loeiffht  of  a  body,  which,  if  concentrated  at  the  distance  urdty  from 
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€ie  aaois  o/rokUion,  wwld  require  the  some  work  to  produce  a  gwen 
incream  of  angular  vdocUy  uAich  the  adtual  body  requires. 

The  term  mokemt  of  inertia  is  applied  in  some  writings  to  the 
sum  iwr^y  and  in  others  to  the  corresponding  mase  iwf^  -^  g. 
For  purposes  of  mechanical  engineering,  the  sum  2 19  r*  is,  on  the 
whole,  the  most  coavenient,  bearing  as  it  does  iJie  same  relation  to 
angular  acceleration  which  vxigkt  does  to  acceleration  of  linear 
velocity. 

The  Badius  o/GyraUon,  or  Mean  Radius  of  a  rotating  body,  is  a 
line  whose  square  is  the  mean  of  the  squares  of  the  distances  of  its 
particles  from  the  axis;  and  its  value  is  given  by  the  following 
equation: — 

e-  =i!fi! (6.) 

80  that  if  we  put  W=  ato  for  the  weight  of  the  whole  body,  the 
moment  of  inertia  may  be  represented  by 

i  =  We' (7.) 

The  following  examples  of  radii  of  gyration  of  bodies  of  different 
figures  rotating  about  their  axes  of  figure  are  extracted  &om  a  more 
extensive  table  in  A,  M.,  578: — 

8QUABE  OF 
nGU«E  OF  SOLID.  ^^^^^  ^^  GYRATION. 

2  r* 
Sphere  of  radius  r, — f- 

Spherical  shell— external  radius  r,  internal  r', ^-^ ^ 

Spherioal  shell,  insensibly  thin,  radius  r, -^ — 

r* 

Cylinder  or  fiat  circidar  disc,  radius  r,.. -^ 

r"  4-  /■ 
Hollow  cylinder  or  ring,  external  radius  r,  internal  /,     — -^ — 

'HxAk/w  cylinder  or  ring,  insensibly  thin,  radius  r, r^ 

The  square  of  the  radius  of  gyration  of  a  body  rotating  about  an 
axis  which  does  not  traverse  its  centre  of  gravity,  is  equal  to  the 
square  of  its  radius  of  gyration  about  a  parallel  axis  traversing  its 
centre  of  gravity,  added  to  the  square  of  the  distance  between  ^ose 
two  axes. 

n.  Inertia  Reduced  to  the  Driving  Point. — If  by  the  principles  of 
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pore  mechanism  it  is  known,  tbat  in  a  machine,  a  certain  moving 
piece  whose  weight  is  "W,  has  a  velocity  always  bearing  the 
ratio  n :  1  to  the  velocity  of  the  driving  point,  it  is  evident  that 
when  the  driving  point  undergoes  a  given  acceleration,  the  work 
performed  in  producing  the  coirespondmg  acceleration  in  the  piece 
in  question  is  the  same  with  that  which  would  have  been  required 
if  a  weight  n'  W  had  been  concentrated  at  the  driving  point 

If  a  similar  calculation  be  performed  for  each  moving  piece  in  the 
machine,  and  the  results  added  together,  the  sum 

S  •  n«  W (8.) 

gives  the  weight  which,  being  concenti-ated  at  the  driving  point, 
would  require  the  same  work  for  a  given  acceleration  of  the  driving 
point  that  the  actual  machine  requires ;  so  that  if  Vj  is  the  initial, 
and  Vf  the  final  velocity  of  the  driving  point,  tike  work  of  accekra- 
tion  of  the  whole  machine  is 

^i-Il^  .  S  -n'W (9.) 

This  operation  may  be  called  the  red/vustion  of  tha  inertia  to  the 
chiving  poirU,  Mr.  Moseley,  by  whom  it  was  first  introduced  into 
the  theory  of  machines,  calls  the  expression  (8.)  the  ^^ca-efficierU  of 
steadineaa^  for  reasons  which  will  afterwards  appear. 

In  finding  the  reduced  inertia  of  a  machine,  the  mass  of  each 
rotating  piece  is  to  be  treated  as  if  concentrated  at  a  distance  from 
its  axis  equal  to  its  radius  of  gyration  ^ ;  so  that  if  v  represents  the 
velocity  of  the  driving  point  at  any  instant,  and  a  the  corresponding 
angular  velocity  of  the  rotating  pieee  in  question,  we  are  to  make 

«•  =  ^- (10.) 

in  performing  the  calculation  expressed  by  the  formula  (8.) 

16.  SaaiflMirr  •f  TaHmw  Kiiuia  •f  w«fk. — In  Older  to  present  at 
one  view  the  symbolical  expression  of  the  various  modes  of  perform- 
ing work  described  in  the  preceding  articles,  let  it  be  supposed  that  in 
a  certain  interval  of  time  d  t  the  driving  point  of  a  machine  moves 
through  the  distance  da,  that  during  i^be  same  time  its  centre  of 
gravity  is  elevated  through  the  hei^t  dh)  that  resistances,  any 
one  of  which  is  represented  by  K,  are  overcome  at  points,  the  re- 
spective ratios  of  whose  velocities  to  that  of  the  driving  point  are 
denoted  by  n ;  that  the  weight  of  any  piece  of  the  mechanism  is  W,  and 
that  w'  denotes  the  ratio  of  its  velocity  (or  if  it  rotates,  the  ratio  of 
the  velocity  of  the  end  of  its  radius  of  gyration^  to  the  velocity  of 
the  driving  point;  and  that  the  driving  point,  wnose  mean  velocity 
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is  r  =  ^,  undergoes  the  acceleration  dv.     Then  the  whole  work 
performed  during  the  interval  in  question  is 

dh'^W+ds'^nR  +  ^JZ  .  2n'«W...(l.) 

g 

The  mean  total  resistance,  rechteed  to  the  driving  paint,  may  bo 
computed  by  dividing  the  above  expression  by  the  motion  of  the 
driving  point  ds=:vdt,  giving  the  following  result : — 

4^.  2W+2nit+4r^  •Sn'-W (2.) 

a  s  gdt 

Section  2. — OfDeifiaUng  and  Centrifugal  Force. 

17.  ]»«Tteitog  F«a«e  •f  a  Sincle  Mm^j.  {A,  M,,  537.)— It  is  part 
of  the  first  law  of  motion,  that  if  a  body  moves  under  no  force,  or 
balanced  forces,  it  moves  in  a  straight  line.     {A,  M,,  510,  512.) 

It  is  one  consequence  of  the  second  law  of  motion,  that  in  order 
that  a  body  may  move  in  a  curved  path,  it  must  be  continually 
acted  upon  by  an  unbalanced  fi>rce  at  right  angles  to  the  direction 
of  its  motion,  the  direction  of  the  force  being  that  towards  which 
the  path  of  the  body  is  curved,  and  its  magnitude  bearing  the  same 
ratio  to  the  weight  of  the  body  that  the  height  due  to  the  body's 
velocity  bears  to  half  the  radius  of  curvature  of  its  path. 

This  principle  is  expressed  symbolically  as  follows : — 

H«]fndiiisof     Height  dae  BodVs  Deviating 

coirature.        to  Tclodty.  weignt.  force. 

I  ■■  ^,  ■■■■  -  ^  ^=^f- (■•) 

In  the  case  of  projectiles  and  of  the  heavenly  bodies,  deviating 
force  is  supplied  by  that  component  of  the  mutual  attraction  of 
two  masses  which  acts  perpendicular  to  the  direction  of  their  rela- 
tive motion.  In  machines,  deviating  force  is  supplied  by  the 
strength  or  rigidity  of  some  body,  whidi  guides  the  revolving  mass, 
making  it  move  in  a  curve. 

A  pair  of  free  bodies  attracting  each  other  have  both  deviated 
motions,  the  attraction  of  each  guiding  the  other;  and  their  devia- 
tions of  motion  relatively  to  their  common  centre  of  gravity  are 
inversely  as  their  masfle&  , 

In  a  machine,  each  revolving  body  tends  to  press  or  draw  the 
body  which  guides  it  away  from  its  position,  in  a  direction  from 
the  centre  of  curvature  of  the  path  of  the  revolving  body;  and  that 
tendency  is  resisted  by  the  strength  and  stiffness  of  the  guiding 
body,  and  of  the  frame  with  which  it  is  connected. 
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18.  CcBOrifHsia  Fmrce  {A.  M,,  53S)  is  the  foroe  with  which  a 
revolviDg  body  reacts  on  the  body  that  guides  it,  and  is  equal  and 
opposite  to  the  deviating  force  with  which  the  guiding  body  acts 
on  the  revolving  body. 

In  fact,  as  has  been  already  stated,  every  force  is  an  action  be- 
tween two  bodies;  and  devicUing  force  and  ceTUrifugal  force  are  but 
two  different  names  for  the  same  force,  applied  to  it  according  as 
the  condition  of  the  revolving  body  or  that  of  the  guiding  body  is 
under  consideration  at  the  time. 

19.  A  B«r«hriBg  PcH«Uiiani  is  one  of  the  simplest  practical  appli- 
cations of  the  principles  of  deviating  force,  and  is  described  here 
because  its  use  in  regulating  the  speed  of  prime  movers  will  afber- 

wajxis  have  to  be  referred  to.  It  consists  of  a 
ball  A,  suspended  from  a  point  C  by  a  rod  C  A 
of  small  weight  as  compared  with  the  ball,  and 
i*evolving  in  a  circle  about  a  vertical  axis  A  B. 
The  tension  of  the  rod  is  the  resultant  of  the 
weight  of  the  ball  A,  acting  vertically,  and  of  its 
centriAigal  force,  acting  horizontally;  and  there- 
fore the  rod  will  assume  such  an  inclination  that 

„    „  height  BC  weight  gr 

Big.  7.  — ° — =^^  = J.  'i-      y  jf =— r....(l.) 

radius  AB      centrifugal  force       v' 

where  r  =  A  B.     Let  T  be  the  number  of  turns  per  second  of  the 
pendulum;  then 

t?  =  2xTr; 

and  therefore,  making  B  C  =  A, 


,.    xt.    ,  ..^  ^     ^  T     J     X  0-8154  foot      9-7848  inches    ,^ , 
=  (m  the  latitude  of  London) =, = ^ •••(^•) 


20.  l»«TiMliic  F«n»  te  Tcnms  •f  Ai^idar  Td^clCf.  (A.  M,y  540.) 
— ^When  a  body  revolves  in  a  circular  path  round  a  fixed  axis,  as 
is  almost  always  the  case  with  the  revolving  parts  of  machines,  the 
radius  of  curvature  of  its  path,  being  the  perpendicular  distance  of 
the  body  from  the  axis,  is  constant;  and  the  velocity  v  of  the  body 
is  the  product  of  that  radius  into  the  angular  velocity;  or  symboli- 
cally, as  in  Article  5 — 

v  =  ar=:2xTr. 

If  these  values  of  the  velocity  be  substituted  for  v  in  equation  1  of 
Article  17,  it  becomes — 
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**  =  ~7"  =       ~9      ^^-^ 

21.  BcnlttiBt  CeatriAitBl  Fotcc  (il.  if.,  603.) — The  whole  cen- 
trifugal force  of  a  body  of  any  figure,  or  of  a  sjrstem  of  connected 
bodies,  rotating  about  an  axis,  is  the  same  in  amount  and  direction 
as  if  the  whole  mass  weie  concentrated  at  the  centre  of  gravity  of 
the  system.  That  is  to  say,  in  the  formula  of  Article  20,  W  is  to 
be  held  to  represent  the  weight  of  the  whole  body  or  system,  and  r 
the  perpendicular  distance  of  its  centre  of  gravity  from  the  axis; 
and  the  line  of  action  of  the  resultant  centrifugal  force  Q  is  always 
paralld  to  r,  although  it  does  not  in  every  case  coincide  with  r. 

When  the  axis  of  rotation  traverses  the  centre  of  gravity  of  the 
body  or  system,  the  amount  of  the  centrifugal  force  is  nothing; 
that  is  to  say,  the  rotating  body  does  not  tend  to  pull  its  axis  as  a 
whole  out  of  its  place. 

The  centrifugal  forces  exerted  by  the  various  rotating  pieces  of 
a  machine  against  the  beaiings  of  their  axles  are  to  be  taken  into 
acoount  in  determining  the  lateral  pressures  which  cause  Mction^ 
and  the  strength  of  the  axles  and  framework. 

Ab  those  centrifugal  forces  cause  increased  friction  and  stress, 
and  sometimes,  lUso,  by  reason  of  their  continual  change  of  direc- 
tion, produce  detrimental  or  dangerous  vibration,  it  is  desirable  to 
reduce  them  to  the  suLallest  possible  amount;  and  for  that  purpose, 
unless  there  is  some  special  reason  to  the  contraiy,  the  axis  of  ro- 
tation of  every  piece  which  rotates  rapidly  ought  to  traverse  its 
centre  of  gravity,  that  the  restdtant  centrifugal  force  may  be  no- 
thing 

22.  CcMrMigBl  €Mq»le— PcnMUMHt  Axis. — It  is  not,  however, 
sufficient  to  anntd  the  effect  of  centrifugal  force,  that  there  should 
be  no  tendency  to  shift  the  axis  as  a  whole;  there  should  also  be 
no  tendency  to  turn  it  into  a  new  angular  position. 

To  show,  by  the  simplest  possible  example,  that  the  latter  ten- 
dency may  exist  without 
the  former,  let  the  axis  of 
rotation  of  the  system 
shown  in  fig.  8  be  the 
centre  line  of  an  axle  rest- 
ing in  bearings  at  E  and  F. 
At  B  and  D  let  two  arms 
project  peipendicularly  to 
that  axle,  in  opposite  direc- 
tions in  the  same  plane, 
carrying  at  their  extremi-  ^' 

ties  two  heavy  bodies  A  and  C.     Let  the  weights  of  the  arms  be 
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insensible  as  compared  with  the  weights  of  those  bodies;  and  let 
the  weights  of  the  bodies  be  inversely  as  their  distanoes  from  the 
axis ;  that  ia,  let 

A  •  AB  =  C  •  CD. 

Let  A  0  be  a  straight  line  joining  the  centres  of  grayitj  of  A 
and  C,  and  cutting  the  axis  in  G;  then  G  is  the  common  centre  of 
gravity  of  A  and  C,  and  being  in  the  axis,  the  resultant  centrifugal 
force  is  nothing. 

In  other  words,  let  a  be  the  angular  velocity  of  the  rotation ; 
then 

The  centrifugal  force  exjerted  on  the  axis  by  A 

_  a*  A'AB 

-^  9  ' 

The  centrifugal  force  exerted  on  the  axis  by  C 

_  g'C'CD 

"■       g      ' 

and  those  forces  are  equal  in  magnitude  and  opposite  in  direction ; 
so  that  there  is  no  tendency  to  remove  the  point  G  in  any  direc- 
tion. 

There  is,  however,  a  tendency  to  turn  the  cans  ab<mt  the  point  G, 
being  the  product  of  the  common  magnitude  of  the  cowpile  of  cen- 
trifugal forces  above  stated,  into  their  leverage;  that  is,  tiie  perpen- 
dicular distance  B  D  between  their  lines  of  action.  That  product 
is  called  the  momerU  of  the  ceTUrifugal  couple;  and  is  represented  by 

QBD; ......(1.) 

Q  being  the  common  magnitude  of  the  equal  and  opposite  centri- 
fugal forces. 

That  couple  causes  a  couple  of  equal  and  opposite  pressures  of 
the  journals  of  the  axle  against  their  bearings  at  E  and  F,  in  the 
directions  represented  by  the  arrows,  and  of  the  magnitude  given 
by  the  formula — 

"■H^ « 

these  pressures  continually  change  their  directions  as  the  bodies 
A  and  C  revolve;  and  they  are  resiBted  by  the  strength  and 
rigidity  of  the  beaiings  and  frame.  It  is  desirable,  when  practi- 
cable, to  reduce  them  to  nothing ;  and  for  that  purpose,  the  points 
B,  G,  and  D  should  coincide;  in  which  case  the  centre  line  of  the 
axle  E  F  is  said  to  be  a  permanent  cuds. 

When  there  are  more  than  two  bodies  in  the  rotating  system, 
the  centrifugal  couple  is  foimd  as  follows : — 
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Let  X  X',  fig.  9y  represent  the  axis  of  rotation ;  G,  the  centre  of 
gravity  of  the  rotating  body  or  system,  situated  in  that  axis ;  so 
that  the  resultant  centrifugal  force  is  nothing. 

Let  "W  be  any  one  of  the  parts  of 
which  the  body  or  system  is  com- 
posed^ so  that,  the  weight  of  that 
part  being  denoted  by  W,  the 
weight  of  the  whole  body  or  sys- 
tem may  be  denoted  by  2  *  W. 

Let  r  denote  the  perpendicular 
distance  of  the  centre  of  W  from 
the  axis;  then 


Fig.  9. 


9     ' 
is  the  centrifugal  force  of  W,  pull- 
ing the  axis  in  the  direction  x  W. 

Assume  a  pair  of  axes  of  co-ordinates,  G  Z,  G  T, 
perpendicular  to  X  X*  and  to  each  other,  and  fixed 
relatiyely  to  the  rotating  body  or  system — ^that  is, 
rotating  along  with  it. 

From  W  let  &Ji  Wy  perpendicular  to  the  plane 
of  GX  and  GY,  and  paraUel  to  GZ;  also  Wz, 
perpendicular  to  the  j^e  of  GX  and  GZ,  and 
paiallel  to  G  Y ;  and  make 

xyz=zWzT=y]  xz^iWlf^zZ]  G«  =  a. 

Then  the  centrifugal  force  which  W  exerts  on  the  axis,  and  which 
is  proportional  to  r,  may  be  resolved  into  two  components,  in  the 
direction  of,  and  proportional  to,  y  and  z  respectively,  viz. : — 

9 

TLftl  parallel  to  GZ; 
9 
and  those  two  component  forces,  being  both  applied  at  the  end  of 
the  lever  G  a;  =  a;,  exert  moTnmtay  or  tendencies  to  turn  the  axis 
X  X'  about  the  point  Z,  expressed  as  follows : — 

^Lf^lf,  tending  to  turn  GX  about  GZ  towards  GY; 
9 

I^J^±f,  tending  to  turn  G  X  about  G  Y  towards  G  Z. 
9 
Li  the  same  maimer  are  to  be  found  the  several  moments  of  the 


-parallel  to  GY, and 
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centrifugal  forces  of  all  the  other  parts  of  which  the  body  or  system 
consists;  and  care  is  to  be  taken  to  distingnish  moments  which 
tend  to  turn  the  axis  towards  G  Y  or  G  Z  from  those  which  tend  to 
turn  it  from  those  positions,  by  treating  one  of  these  classes  of 
quantities  as  positive,  and  the  other  as  negative. 

Then  by  adding  together  the  positive  moments  and  subtracting 
the  negative  moments  for  all  the  parts  of  the  body  or  system,  are 
to  be  found  the  two  sums, 

~  .  S-Wya;;  ^.  ^Wzx'^ (3.) 

which  represent  the  total  tendencies  of  all  the  centrifugal  forces  to 
turn  the  axis  in  the  planes  of  G  Y  and  G  Z  respectively. 
_In  fig.  10,  lay  down  G  Y  to  represent  the  former  moment,  and 
G  Z,  perpendicular  to  G  Y,  to  represent  the  latter.  Then  the  dia- 
gonal G  M  of  the  rectangle  G  Z  M  Y  will  represent  the  resultant 
moment  of  what  is  called  the  Ckxtrifugal  Couple,  and  the  direc- 
tion of  that  line  will  indicate  the  direction  in  which  that  couple 
tends  to  turn  the  axis  G  X  about  the  point  G.  Its  value,  and  its 
angular  position,  are  given  by  the  equations, 

"GM=/[GY'+GZ'«);') 

tan^YGM  =  GZ^GY   J  

The  condition  which  it  is  desii-able  to  fulfil  in  all  rapidly  rotating 
pieces  of  machines,  that  the  axis  of  rotation  shall  be  Apermcment 
acda,  is  fulfilled  when  each  of  the  sums  in  the  formula  3  is  nothing; 
that  is,  when 

2-Wya;  =  0-2-W«a:  =  0, (5.) 

The  question,  whether  the  axis  of  a  rotating  piece  is  a  permanent 
axis  or  not,  is  tested  experimentally  by  making  the  piece  spin  round 
rapidly  with  its  shaft  resting  in  bearings  which  are  suspended  by 
chains  or  cords,  so  as  to  be  at  liberty  to  swing  to  and  fro.  K  the 
axis  is  not  a  permanent  axis,  it  oscillates;  if  it  is  a  permanent  axis, 
it  remains  steady. 

The  practical  application  of  those  principles  to  locomotive  engines 
will  be  explained  in  the  sequel. 

SBcrnoir  3,-^/ Effort,  Energy,  Povxr,  and  Efficiency. 

23.  KAurt  is  a  name  applied  to  a  force  which  acts  on  a  body  in 
the  direction  of  its  motion  {A.  3f.,  511). 
If  a  force  is  appHed  to  a  body  in  a  direction  making  an  acute 
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angle  inih  the  direction  of  the  body's  motion,  the  component 
of  that  oblique  force  along  the  direction  of  the  body's  motion  is  an 
effort  That  is  to  say,  in  fig.  11,  let  A  B  represent  the  direction 
in  which  A  is  moving;  let  A  F  repre-  ^      , 

sent  a  force  applied  to  A,  obliquely  to 
that  direction;  from  F  draw  F  P  per- 
pendicular to  A  B;  then  A  P  is  the 
effort  due  to  the  force  AF.     The  trans-  ' 

verse  component  PFis  a  lateral  fiyree, 
like  the  transverse  comix)nent  of  the  oblique  resisting  force  in 

Article  8.  

To  express  this  algebraically,  let  the  entire  force  A  F  =  F,  the 
effort XP=  P,  the  lateral  force  P  F  =  Q,  and  the  angle  of  obli- 
quity P  A  F  =  /.     Then 


P=:F-cos^;| 
Q  =  F  •  sin  ^  j 


.(1.) 


24.  emOMmm  •f  VaifotM  Speed.  {A,  M.y  510,  512,  537.)— Ac- 
cording to  the  first  law  of  motion,  in  order  that  a  body  may  move 
uniformly,  the  forces  applied  to  it,  if  any,  must  balance  each  other; 
and  the  same  principle  holds  for  a  machine  consisting  of  any  num- 
ber of  bodies. 

When  the  direction  of  a  body's  motion  varies,  but  not  the  vdocUy, 
the  lateral  force  required  to  produce  the  change  of  direction  depends 
on  the  principles  set  forth  in  Section  2 ;  but  the  condition  of  balance 
still  holds  for  the  forces  which  act  along  the  direction  of  the  body's 
motion,  that  is,  for  the  efforts  and  resieUmees;  so  that,  whether  for 
a  single  body  or  for  a  machine,  the  condition  of  uniform  vdocUy  is, 
that  the  efforts  shall  balance  the  resistances. 

In  a  machine,  this  condition  must  be  fulfilled  for  each  of  the 
single  moving  pieces  of  which  it  consists. 

It  can  be  ^own  from  the  principles  of  statics  (that  is,  the  science 
of  balanced  forces),  that  in  any  body,  system,  or  machine,  that  con* 
dition  is  fulfilled  when  the  sum  qfUie  products  of  the  efforts  into  the 
vdocities  of  their  respective  points  of  action  is  equal  to  the  stun  of  the 
products  of  the  resistances  into  the  velociUes  of  the  points  where  they 
are  overcome. 

Thus,  let  V  be  the  velocity  of  a  driving  point,  or  point  where  an 
effort  P  is  applied ;  v'  the  velocity  of  a  working  point,  or  point  where 
a  resistance  R  is  overcome ;  the  condition  of  uniform  velocity  for  any 
body,  system,  or  machine  is 

a  •  P  tj  =  s  •  R  v' (1.) 

If  there  be  only  one  driving  point,  or  if  the  velocities  of  all  the 
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driving  points  be  alike,  then  P  being  the  total  effort,  the  single 
product  P  V  may  be  put  in  in  place  of  the  sum  s  •  P  v;  reducing 
the  above  equation  to 

Pt7=  a-iti?' (2.) 

Keferring  now  to  Article  9,  let  the  machine  be  one  in  which  the 
cornpa/rctHve  or  proportionate  velocities  of  all  the  points  at  a  given 
instant  are  known  independently  of  their  absolute  velocities,  from 
the  construction  of  the  machine ;  so  that,  for  example,  the  velocity 
of  the  point  where  the  resistance  R  is  overcome  bears  to  that  of 
the  driving  point  the  ratio 

-=  n; 

V 

then  the  condition  of  uniform  speed  may  be  thus  expressed : — 
P=  s.«R; (3.) 

that  is,  the  total  effort  is  equal  to  the  sum  of  the  reaistoffioes  reduced  to 
the  drwing  point. 

25,  Bacrgy— P«U»Btlal  Baergr.  {A.  M.,  514,  517,  593,  660.)— 
Energy  means  capacity  for  performing  worky  and  is  expressed,  like 
work,  by  the  product  of  a  force  into  a  space. 

The  energy  of  an  effort,  sometimes  called  "potential  en/ergy "  (to 
distinguish  it  from  another  form  of  energy  to  be  afterwards  refernBd 
to),  is  the  produdt  of  the  effort  into  the  dieta/nce  through  which  it  is 
capable  of  acting.  Thus,  if  a  weight  of  100  pounds  be  placed  at  an 
elevation  of  20  feet  above  the  ground,  or  above  the  lowest  plane 
to  which  the  circumstances  of  the  case  admit  of  its  descending, 
that  weight  is  said  to  possess  potential  energy  to  the  amoimt  of 
100  X  20  =  2,000  foot-pounds;  which  means,  that  in  descending 
from  its  actual  elevation  to  the  lowest  point  of  its  course,  the 
weight  is  capable  of  performing  work  to  that  amount. 
.  To  take  another  example,  let  there  be  a  reservoir  containing 
10,000,000  gallons  of  water,  in  such  a  position  that  the  centre  of 
gravity  of  the  mass  of  water  in  the  reservoir  is  100  feet  above  the 
lowest  point  to  which  it  can  be  made  to  descend  while  overcoming 
resistance.  Then  as  a  gallon  of  water  weighs  10  lb&,  the  weight  of 
the  store  of  water  is  100,000,000  lbs.,  which  being  multiplied  by 
the  height  through  which  that  weight  is  capable  of  acting,  100  feet, 
gives  10,000,000,000  foot-pounds  for  the  potential  energy  of  the 
weight  of  the  store  of  water. 

36.  EvaalitT  of  Baergr  Exerted  «itd  Wetk  Perfenned. — ^When 
an  effort  actually  does  drive  its  point  of  application  through  a 
certain  distance,  energy  to  the  amoimt  of  the  product  of  the  effort 
into  that  distance  is  said  to  be  exerted;  and  the  potential  eneigy, 
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or  energy  which  lemauis  capable  of  being  exerted^  is  to  that  amount 
duninishecL 

When  the  energy  is  exerted  in  driving  a  machine  at  an  uniform 
speed,  it  is  equal  to  the  vsork  performed. 

To  express  this  algebraically,  let  t  denote  the  time  during  which 
the  eneigy  is  exerted,  v  the  velociiy  of  a  driving  point  at  which  an 
effort  P  is  applied,  8  the  distance  through  which  it  is  driven,  1/  the 
velocity  of  any  working  point  at  which  a  resistance  K  is  overcome, 
^  the  distance  through  which  it  is  driven;  then 

*  =  17  <;  8*  =  9/ 1; 

and  multiplying  equation  1  of  Article  24  by  the  time  2,  we  obtain 
the  following  equation  : — 

2-Pt7<=2-itt/<=s-P*  =  2-R«^; (1.) 

which  expresses  the  equality  of  eneigy  exerted,  and  work  per- 
formed, for  constant  efforts  and  resistances. 

When  the  efforts  and  resistances  vaiy,  it  is  sufficient  to  refer  to 
Article  11  to  show,  that  the  same  principle  is  expressed  as 
follows  : — 

afPrf*  =  2flEid^; (2.) 

where  the  symbol  t  expresses  the  operation  of  finding  the  work 

performed  against  a  vaiying  resistance,  or  the  energy  exerted  by  a 
vaiying  effort,  as  the  case  may  be;  and  the  symbol  2  expresses  the 
operation  of  adding  together  the  quantities  of  energy  exerted,  or 
work  performed,  as  the  case  may  be,  at  different  points  of  the 
machina 

27.  Tutoui  VactMw  •f  KacvfT^ — A  quailtity  of  energy,  like  a 
quantity  of  work,  may  be  computed  by  multiplying  either  a  force 
into  a  distance,  or  a  statical  moment  into  an  angular  motion,  or  the 
intensity  of  a  pressure  into  a  volum&  These  processes  have  already 
been  explained  in  detail  in  Articles  5  and  6. 

28.  The  KMVfT  Bxctfed  im  PmAmcIims  AecelcnllM  {A.  M.,  549) 
is  equal  to  the  work  of  acceleration,  whose  amount  has  been  inves- 
tigated in  Articles  14  A  and  15. 

29.  The  AcMlcnuiBc  K«Mt  (A.  M.,  554)  by  which  a  given 
increase  of  velocity  in  a  given  mass  is  produced,  and  which  is 
exerted  by  the  driving  body  against  the  driven  body,  is  equal  and 
opposite  to  the  resistance  due  to  acceleration  which  the  driven 
body  exerts  against  the  driving  body,  and  whose  amotmt  has  been 
given  in  Articles  14  a  and  15.  Referring,  therefore,  to  equations  4 
and  S  of  Article  14  a,  we  find  the  two  following  expressions,  the  first 
of  which  gives  the  accelerating  effort  requii^  to  produce  a  given 
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iMKelemtion  dvina,  body  whose  weight  is  W,  when  the  Ume  dtin 
which  that  acceleration  is  to  be  produced  is  given^  and  the  second, 
the  same  accelerating  effort,  when  the  distance  ds  =  vdtia  which 
the  acceleration  is  to  be  produced  is  given  : — 

0) 


9 

v,dv 
'    d»' 

dv 

W 

'  9  ' 

w 

9 

d{^ 

2ds ' 

(a) 

Referring  next  to  Article  15,  case  1,  we  find  from  equations  5, 
6,  and  7,  that  the  work  of  acceleration  corresponding  to  an  increase 
da  in.  the  angular  Telocity  of  a  rotating  body  whose  moment  of 
inertia  is  I,  i» 

l'd{a^     lada 
2g      "      g     ' 

Let  dthe  the  tUney  and  di  =  adt  the  angtdar  fnoUan  in  which 
that  acceleration  is  to  be  produced ;  let  P  be  the  accelerating  effort, 
and  I  its  leverage,  or  the  perpendicular  distance  of  its  line  of  action 
from  the  axis;  then,  according  as  the  time  dt,  or  the  angle  diyia 
given,  we  have  the  two  following  expressions  for  the  accelerating 
couple: — 

^^  =  ^•57 <^-) 

_  I    ada     I    d(a^  ,   . 

"  g  '    di   ^g'2di ^  *' 

Lastly,  referring  to  Article  15,  case  2,  equation  9,  we  find,  that 
if  a  train  of  mechanism  consists  of  various  parts,  and  if  W  be  the 
weight  of  any  one  of  those  parts,  whose  velocity  t/  bears  to  that  of 

the  driving  point  v  the  ratio  --  =  n,  then  the  accelerating  effort 

which  must  be  applied  to  the  driving  point,  in  order  that,  during 
the  interval  dt,  ir  which  the  driving  point  moves  through  the 
distance  da  =  v  dt,  that  point  may  undexgo  the  acceleration  d v, 
and  each  weight  W  the  corresponding  ac<^eration  n  c?  v,  is  given 
by  one  or  other  of  the  two  formul8&— 

.(5.) 

an' W    vdv  _  an' W    d{v^ 


g       '    de  g       *  2  de' 


(6.) 
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30.  WMk 

{A.  M,,  528,  549,  550.) — In  order  to  cause  a  given  retardation^  or 
diminntion  of  the  ydocitj  of  a  given  body,  in  a  given  time,  or 
while  it  traverses  a  given  distance,  resistance  must  be  opposed  to 
its  motion  equal  to  the  effort  which  would  be  required  to  produce 
in  the  same  time,  or  in  the  same  distance,  an  acceleration  equal  to 
the  retardation. 

A  moving  body,  therefore,  while  being  retarded,  overeomes  r^ 
sisUmoe  and  per/orTna  work;  and  thAt  work  is  equal  to  the  energy 
exerted  in  pi^ucing  an  acceleration  of  the  same  body  equal  to  the 
retardation. 

It  is  for  this  reason  that  it  has  been  stated,  in  Article  12,  that 
the  work  performed  in  accelerating  the  speed  of  the  moving  pieces 
of  a  machine  is  not  necessarily  lost;  for  those  moving  pieces,  by 
returning  to  their  original  speed,  are  capable  of  peiforming  an 
equal  amount  of  work  in  overcoming  resistance;  so  that  the  per- 
formance of  such  work  is  not  prevented,  but  only  deferred.  Hence 
energy  exerted  in  acceleration  is  said  to  be  stored;  and  when  by  a 
subsequent  and  equal  retardation  an  equal  amount  of  work  is  per- 
fonned,  that  energy  is  said  to  be  restored. 

The  algebraical  expressions  for  the  relations  between  a  retarding 
resistance,  and  the  retardation  which  it  produces  in  a  given  body 
by  acting  during  a  given  time  or  through  a  given  space,  are  ob- 
tained from  the  equations  of  Article  29  simply  by  putting  R,  the 
'  symbol  for  a  resistance,  instead  of  P,  the  symbol  for  an  effort,  and 
—dvy  the  symbol  for  a  retardation,  instead  ofdv,  the  symbol  for 
an  acceleration. 

31.  The  Acttml  BMvfT  {A.  if.,  547,  589)  of  a  moving  body  is 
the  work  which  it  is  capable  of  performing  against  a  retarding 
resistance  before  being  brought  to  rest,  and  is  equal  to  the  energy 
"vdiich  must  be  exerted  on  the  body  to  bring  it  from  a  state  of  rest 
to  its  actual  velocity.  The  value  of  that  quantity  is  the  product  of 
the  weight  oftKe  body  into  (he  height  from  which  it  mustfaU  to  acquire 
its  actual  vdodty;  that  is  to  say, 

-27" <^> 

The  total  aotual  energy  of  a  system  of  bodies,  each  moving  with 
its  own  velocity,  is  denoted  by 

~T^' ^^-^ 

and  when  those  bodies  are  the  pieces  of  a  machine,  whose  velocities « 
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bear  definite  ratios  (anj  one  of  which  is  denoted  by  n)  to  the  velo- 
city of  the  driving  point  v,  their  total  actual  energy  is 

^•=«'^' (3.) 

being  tlie  product  of  the  reduced  inertia  (or  oo-efficient  of  steadiness, 
as  Mr.  Moseley  csdls  it)  into  the  height  due  to  the  velocity  of  the 
driving  point. 

The  actual  energy  of  a  rotating  body  whose  angular  velocity  is  a, 
and  moment  of  inertia  2  W  r*  =  I,  is 

that  is,  the  prodtu:t  of  the  momeni  0/ inertia  into  the  height  due  to  the 
vdocity,  &,  of  a  point,  v^koae  distance  from  the  axis  of  rotation  is 
unity. 

When  a  given  amount  of  energy  is  alternately  stored  and  re- 
stored by  alternate  increase  and  diminution  in  the  speed  of  a  ma- 
chine, the  actual  energy  of  the  machine  is  alternately  increased  and 
diminished  by  tHat  amount. 

Actual  energy,  like  motion,  is  relative  only.  That  is  to  say,  in 
computing  the  actual  energy  of  a  body,  which  is  the  capacity  it 
possesses  of  performing  work  upon  certain  other  bodies  by  reason 
of  its  motion,  it  is  the  motion  rdaUvdy  to  those  other  bodies  that  is 
to  be  taken  into  account. 

For  example,  if  it  be  wished  to  determine  how  many  turns  a 
wheel  of  a  locomotive  engine,  rotating  with  a  given  velocity,  would 
make,  before  being  stopped  by  tfie  friction  of  its  bearings  only,  sup- 
posing it  lifted  out  of  contact  with  the  rails, — ^the  actual  energy  of 
that  wheel  is  to  be  taken  rdativdy  to  tfie  frame  of  the  engine  to 
which  those  bearings  are  fixed,  and  is  simply  the  actual  energy  due 
to  the  rotation.  But  if  the  wheel  be  supposed  to  be^  detached  firom 
the  engine,  and  it  is  inquired  how  high  it  wiU  ascend  up  a  perfectly 
smooth  inclined  plane  before  being  stepped  by  the  attractum  of  the 
ea/rth,  then  its  actual  energy  is  to  be  taken  rdativdy  to  the  ea/rth; 
that  is  to  say,  to  the  energy  of  rotation  already  mentioned,  is  to  be 
added  the  energy  due  to  the  translation  or  forward  motion  of  the 
wheel  along  with  its  axis. 

32.  A  Becipr«ciuin«  F«rM  (A,  M,,  656)  is  a  force  which  acts 
alternately  as  an  effort  and  as  an  equal  and  opposite  resistance, 
according  to  the  direction  of  motion  of  the  body.  Such  a  force  is 
the  weight  of  a  moving  piece  whose  centre  of  gravity  alternately 
rises  and  fedls;  and  such  is  the  elasticity  of  a  perfectly  elastic  body 
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The  work  which  a  body  perfonns  in  moviiig  against  a  reciprocatiDg 
force  is  employed  in  increasing  its  own  potential  energy,  and  ia  not 
lost  by  the  body;  so  that  by  the  motion  of  a  body  alternately 
against  and  with  a  reciprocating  force^  energy  is  stored  and  re- 
stored, as  well  as  by  alternate  acceleration  and  retardation. 

Let  1 W  denote  the  weight  of  the  whole  of  the  moving  pieces 
of  any  machine,  and  h  a  height  through  which  the  common  centre 
of  gravity  of  them  all  is  alternately  nosed  and  lowered.  Then  ihc 
quantity  of  energy —  A  s  W 

is  stored  while  the  centre  of  gravity  is  rising,  and  restored  while  it 
is  £dling. 

These  principles  are  illustrated  by  the  action  of  the  plimgers  of 
a  single  acting  pumping  steam  engine.  The  weight  of  those 
plungers  acts  as  a  resistance  while  they  are  being  lifted  by  the 
pressure  of  the  steam  on  the  piston ;  and  the  same  weight  acts  as 
efifbrt  when  the  plungers  descend  and  drive  before  them  the  water 
with  which  the  pump  barrels  have  been  filled.  Thus,  the  energy 
exerted  by  the  steam  on  the  piston  is  stored  during  the  up-stroke 
of  the  plimgers ;  and  during  their  down-stroke  the  same  amount  of 
energy  is  restored,  and  employed  in  performing  the  work  of  raising 
water  and  overcoming  its  friction. 

33.  Pcvi«dUc«i  M«aw.  (A.  M.,  553,) — If  a  body  moves  in  such 
a  manner  that  it  periodically  returns  to  its  original  velocity,  then 
at  the  end  of  each  period,  the  entire  variation  of  its  actual  energy 
is  nothing;  and  if,  during  any  part  of  the  period  of  motion,  energy 
has  been  stored  by  acceleration  of  the  body,  the  same  quantity  of 
energy  exactly  must  have  been  during  another  part  of  the  period 
restored  by  retardation  of  the  body. 

J£  the  body  also  returns  in  the  course  of  the  same  period  to  the 
same  position  relatively  to  all  bodies  which  exert  reciprocating 
forces  on  it — ^for  example,  if  it  returns  periodically  to  the  same 
elevation  relatively  to  the  earth's  surface — any  quantity  of  energy 
which  has  been  stored  during  one  part  of  the  period  by  moving 
against  reciprocating  forces  must  have  been  exactly  restored  during 
another  part  of  the  period. 

Hence  at  the  end  of  each  period,  the  equality  of  energy  and  work, 
and  the  balance  of  mean  effort  and  mean  resistance,  Ii4>ld8  toith 
respect  to  the  driving  effort  and  the  resistances,  exactly  as  if  the  speed 
were  uniform  and  the  reciprocating  forces  nvU;  and  all  the  equa- 
tions of  Articles  24  and  26  are  applicable  to  periodic  motion,  pro* 
vided  that  in  the  equations  of  Article  24,  and  equation  1  of  Ai'ticle 
2%  P,  K,  and  v  are  held  to  denote  the  mean  values  of  the  efforts, 
resistances,  and  velocities, — that  s  and  ff  are  held  to  denote  spaces 
moved  through  in  one  or  more  enJtire  periods, — and  that  in  equar 
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tion  2  of  Article  26,  the  integrations  denoted  by   |   be  held  to 

extend  to  one  or  more  erdvre  periods, 

Theae  principles  are  illustrated  by  the  steam  engine.  The  velo- 
cities of  its  moving  parts  are  continnally  varying,  and  those  of 
some  of  them,  such  as  the  piston,  are  periodically  reversed  in  direc- 
tion. But  at  the  end  of  each  period,  called  a  revoltUion,  or  double- 
stroke,  every  part  returns  to  its  original  position  and  velocity ;  so 
that  the  equality  of  energy  arid  work,  and  the  equaUiy  of  the  mean 
effort  to  the  moan  resistance  reduced  to  the  driving  point, — that  is, 
the  equality  of  the  mean  effective  pressure  of  the  steam  on  the  pis- 
ton to  the  mean  total  resistance  reduced  to  the  piston — ^hold  for 
one  or  any  whole  number  of  complete  revohebUms,  exactly  as  for 
uniform  speed. 

It  thus  appears  that  there  are  two  fundamentally  different  ways 
of  considering  a  periodically  moving  machine,  each  of  which  must 
be  employed  in  succession,  in  order  to  obtain  a  complete  knowledge 
of  its  working. 

I.  In  the  &rst  place  is  considered  the  action  of  the  machine 
during  one  or  more  whole  periods,  with  a  view  to  the  detennina- 
tion  g£  the  relation  between  the  mean  resistances  and  mean  efforts, 
and  of  the  effictenct;  that  is,  the  ratio  which  the  %isefid  part  of 
its  work  bears  to  the  whole  expenditure  of  energy.  The  motion  of 
every  ordinary  machine  is  either  uniform  or  periodical 

II.  In  the  second  place  is  to  be  considered  the  action  of  the 
machine  during  intervals  of  time  less  than  its  period,  in  order  to 
determine  the  law  of  the  periodic  changes  in  the  motions  of  the 
pieces  of  which  the  machine  consists,  and  of  the  periodic  or  recip- 
rocating forces  by  which  such  changes  are  produced. 

34.  siMtiBg  mmA  siappiiq.  (A.  M.,  691.)— The  starting  of  a 
machine  consists  in  setting  it  in  motion  from  a  state  of  rest,  and 
bringing  it  up  to  its  proper  mean  velocity.  This  operation  requires 
the  exertion,  besides  the  energy  required  to  overcome  the  mean  re- 
sistance, of  an  additional  quantity  of  energy  equal  to  the  actual 
energy  of  the  machine  when  moving  with  its  mean  velocity,  as  found 
according  to  the  principles  of  Article  31. 

If,  in  order  to  stop  a  machine,  the  effort  of  the  prime  mover  is 
simply  suspended,  tJie  machine  will  continue  to  go  until  work  has 
been  performed  in  overcoming  resistances  equal  to  the  actual  energy 
due  to  the  speed  of  the  machine  at  the  time  of  suspending  the  effort 
of  the  prime  mover. 

In  order  to  diminish  the  time  required  by  this  operation,  the 
resistance  may  be  increased  by  means  of  the  friction  of  a  brake. 
Brakes  will  be  further  described  in  the  sequeL 

35.  The  BflctencT  of  a  machine  {A.  M,,  660,  664)  has  ijready 
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been  defined  to  be  a  fraction  expressing  the  ratio  of  the  useful 
work  to  the  whole  work  performed,  whic^  is  equal  to  the  energy 
expended.  The  limit  to  the  efficiency  of  a  nuudune  is  wnUy,  denot- 
ing the  efficiency  of  a  perfect  machine  in  which  no  work  is  lost 
The  object  of  improvements  in  machines  is  to  bring  their  efficiency 
as  near  to  unity  as  possible. 

As  to  useful  and  lost  work,  sea  Article  12.  The  algebraical  ex- 
pressiim  of  the  efficioicy  of  a  machine  having  uniform  or  periodical 
motion,  is  obtained  by  introducing  the  distinction  between  useful 
and  lost  work  into  the  equations  of  the  conservation  of  energy.  Thus, 
let  P  denote  the  mean  effi>rt  at  the  driving  point,  s  the  space  de- 
scribed by  it  in  a  givm  interval  of  time,  being  a  whole  number  of 
periods  or  revolutions,  B|  the  mean  useful  resistance,  8^  the  space 
through  which  it  is  overcome  in  the  same  interval,  B^  any  one  of 
the  prejudicial  resistances,  8^  the  space  through  which  it  is  over- 
come; then 

P»  =  R,*i    +    V    .   E,,,; (1.) 

and  the  efficiency  of  the  machine  is  expressed  by 

P*       Ri«»  +  2-R,*, ^  '^ 

In  many  cases  the  lost  work  of  a  machine,  R,  8^,  consists  of  a  con- 
stant part,  and  of  a  part  bearing  to  the  usefiol  work  a  propOTtion 
depending  in  some  definite  manner  on  the  sizes,  figures,  arrange- 
ment, and  oonnection  of  the  pieces  of  the  train,  on  which  also  de- 
pends the  con£(tant  part  of  the  lost  work.  In  such  cases  the  whole 
enoEgy  expended  and  the  efficiency  of  the  machine  are  expressed  by 
the  equations 

P«  =  (l+A)R,«i+B;'j 

R,«i  1         • 


P.    "l  +  A  +  ^ 


.(3.) 


and  the  first  of  these  is  the  mathematical  expression  of  what  Mr. 
Mosel^  calls  the  *^  modulus"  of  ^  machine. 

The  useful  work  of  an  intermediate  piece  in  a  train  of  mechanism 
consists  in  driving  the  piece  which  foUows  it,  and  is  less  than  the 
eneigy  exerted  upon  it  by  the  amount  of  the  work  lost  in  overcom- 
ing its  own  friction.  Hence  the  efficiency  of  such  an  intermediate 
piece  is  the  ratio  of  the  work  performed  by  it  in  driving  the  follow- 
ing piece,  to  the  eneiCT  exert^  on  it  by  the  preceding  piece;  and  it 
is  evident  that  the  efficiency  of  a  machme  is  the  prodtust  of  the  effi- 
eicndes  o/the  series  of  mamng  pieces  tohich  tranamU  energy  from  the 
driimg  poini  to  the  working  point. 
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The  same  principle  applies  to  a  train  of  successive  mac^nnes,  each 
driving  that  which  follows  it 

36.  p«wer  und  BiTcct— H«n«-P«wer. — ^The  potoer  of  a  machine 
is  the  energy  exerted,  and  the  ^ect,  the  useful  work  peiformed,  in 
some  interval  of  time  of  definite  length,  snch  as  a  second,  a  minute, 
an  hour,  or  a  day. 

The  unit  of  power  called  conventionally  a  horse-power,  is  550 
foolr-pounds  per  second,  or  33,000  foot-pounds  per  minute,  or 
1,980,000  foot-pounds  per  hour.  The  effect  is  equal  to  the  power 
multiplied  by  the  efficiency.  The  loss  of  power  is  the  difference 
between  the  effect  and  the  power.     (See  also  Article  3.) 

37.  CtoBcnd  Bvaatton. — ^The  following  general  equation  presents 
at  one  view  the  principles  of  the  action  of  machines^  whether  mov- 
ing uniformly,  periodically,  or  otherwise : — 

jVds^:,jWdi^dt:h^W  +  2'    ^(^-^ 

where  W  is  the  weight  of  any  moving  piece  of  the  machine ; 

hy  when  positive,  the  elevation,  and  when  negative,  the  depres- 
sion, which  the  common  centre  of  gravity  of  all  the  moving  pieces 
undergoes  in  the  interval  of  time  under  connderation ;  Vi  the  velo- 
city at  the  beginning,  and  v^  the  velocity  at  the  end,  of  \h&  interval 
in  question,  with  which  a  given  particle  of  the  machine  of  the 
weight  W  is  moving; 

g,  the  acceleration  which  gravity  causes  in  a  seocmd,  or  32-2  feet 
per  second; 

I  'R  d  ti,  the  work  performed  in  overcoming  any  resistance 

during  the  interval  in  question ; 

I  T  d  s,  the  energy  exerted  during  the  interval  in  question. 

The  second  and  third  terms  of  the  right  hand  side,  when  positive^ 
are  energy  stored;  when  negative,  energy  restored. 

The  principle  represented  by  the  equation  is  expressed  in  words 
as  follows : — 

The  energy  exerted,  added  to  the  energy  restored,  is  equal  to  the 
energy  ^ored  abided  to  the  work  performed. 

SscTiOK  4. — Of  Dynamometere* 

38.  l»7M»i«nMCen  are  instruments  for  measuring  and  recording 
the  energy  exerted  and  work  performed  by  machines.  They  may 
be  classed  as  follows : — 

I.  InsiSruments  which  merely  induxUe  the  force  exerted  between 
a  driving  body  and  a  driven  body,  leaving  the  distance  through 
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vhich  that  force  is  exerted  to  be  observed  independently.     The 
following  are  examples  of  this  class : — 

a.  The  weight  of  a  solid  body  may  be  so  suspended  as  to  balance 
the  resistance  to  be  overcome,  as  in  Mr.  Scott  Russell's  experi- 
ments on  the  resistance  of  canal  boats,  published  in  the  TransaO' 
lions  of  the  Royal  Society  of  Edinburgh,  vol.  xiv. 

&  The  weight  of  a  column  of  liquid  may  be  employed  to  balance 
and  measure  the  effort  required  to  drag  a  carriage  or  other  body, 
as  in  the  mercurial  dynamometer  invented  by  Mr.  John  Milne  of 
EdinburglL 

c  The  available  energy  of  a  prime  mover  may  be  wholly  ex- 
pended in  overcoming  friction,  the  magnitude  of  which  is  measured 
by  a  weighty  as  in  Prony's  dynamometer^  to  be  afbei'wards  more 
puiicularly  described. 

dL  A  spring  balance  may  be  interposed  between  a  prime  mover 
and  a  body  whose  resistance  it  overcomes,  so  as  to  indicate  at  eadi 
instant  the  magnitude  of  that  resistance. 

II.  Instruments  which  record  at  once  the  force,  motion,  and 
work  of  a  machine,  by  drawing  a  line,  straight  or  curved,  as  the 
case  may  be  (such  as  that  shown  in  fig.  3,  Article  11)  whose 
abscissae  represent  on  a  suitable  scale  the  distances  moved  through, 
its  ordinates  the  corresponding  resistances  overcome,  and  its  area 
the  work  performed. 

A  dynamometer  of  this  class  consists  essentially  of  two  principal 
parts :  a  spring  whose  deflection  indicates  the  force  exerted  between 
a  driving  body  and  a  driven  body,  and  a  band  of  paper,  or  a  card, 
moving  at  right  angles  to  the  direction  of  deflection  of  the  spring 
with  a  velocity  bearing  a  known  constant  proportion  to  the  velo- 
city with  which  the  resistance  is  overcome.  The  spring  carries  a 
pen  or  pencil,  which  marks  on  the  paper  or  card  the  required  lina 
The  foUowing  examples  of  this  class  of  instruments  will  be  de- 
scribed in  the  sequel : — 

a,  Morin*s  Traction  Dynamometer. 

(.  Morin's  Kotatory  Dynamometer. 

c    Watt  and  M'Naught's  Steam  Engine  Indicator. 

IIL  Instruments  which  record  the  work  performed,  but  not  the 
resistance  and  motion  separately. 

39.  'Bwmmj*m  Frictton  DTMuaoBicter    B  ^       ^  c 

measures  the  useful  work  performed 
by  a  prime  mover,  by  causing  the 
whole  of  that  work  to  be  expended 
in  overcoming  the  friction  of  a 
brake.     In  fig.  12,  A  represents  a  F    12 

cylindrical    drum,  driven   by  the  ^'     *  ^ 

prime  mover.     The  block  D,  attached  to  the  lever  B  C,  and  the 
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smaller  blocks  witli  which  the  chain  E  is  shod,  form  a  brake  which 
embraces  the  drum,  and  which  is  tightened  by  means  of  the  screws 
F,  F,  until  its  friction  is  sufficient  to  cause  the  drum  to  rotate  at 
an  uniform  speed.  The  end  C  of  the  lever  carries  a  scale  G,  in 
which  weights  are  placed  to  an  amount  jusfc  sufficient  to  balance 
the  friction,  and  keep  the  lever  horizontal  The  lever  ought  to  be 
so  loaded  at  B  that  when  there  are  no  weights  in  the  scale,  it  shall 
be  balanced  upon  the  axis.  The  lever  is  prevented  from  deviating 
to  any  inconvenient  extent  from  a  horizontal  position  by  means  of 
safety  stops  or  guards  H,  K. 

The  weight  of  the  load  in  the  scale  which  balances  the  friction 
being  multiplied  into  the  horizontal  distance  of  the  point  of  suspen- 
sion C  from  the  axis,  gives  the  momenJb  offrustiony  which  being 
multiplied  into  the  angular  velocity  of  the  drum,  gives  the  rtUe  of 
useful  work  or  effective  power  of  the  prime  mover. 

As  the  whole  of  that  power  is  expended  in  overcoming  the  fric- 
tion between  the  drum  and  the  brake,  the  heat  produced  is  in 
general  considerable ;  and  a  stream  of  water  must  be  directed  on 
the  rubbing  surfiices  to  abstract  that  heat. 

The  friction  dynamometer  is  simple  and  easily  made;  but  it  is 
ill  adapted  to  measure  a  variable  effi>rt ;  and  it  reqtiires  that  when 
the  power  of  a  prime  mover  is  measured,  its  ordinary  work  should 
be  interrupted,  which  is  inconvenient  and  sometimes  impracticable. 

40.  M«rta*s  TnMilMi  lOjmmmammtitBt. — The  descriptions  of  this 
and  some  other  dynamometers  invented  by  General  Morin  are 
abridged  from  his  works  entitled  Sur  qvdquea  AppareUs  dynamo- 
TnlHriquea  and  NotioTia  fondamerUalea  de  MSccmique, 

Fig.  13  is  a  plan  and  fig.  13  a  an  elevation  of  a  dynamometer  for 
reooi^ding  by  a  diagram  the  work  of  dragging  a  IcmmI  horizontally. 
a  a,  bb,  are  a  pair  of  steel  springs,  through  which  the  tractive 
force  is  transmitted,  and  which  ser^e  by  their  deflection  to  measure 
that  force.  They  are  connected  together  at  the  ends  by  the  steel 
links  f,f  The  effort  of  the  prime  mover  is  applied,  through  the 
link  r,  to  the  gland  d,  which  is  fixed  on  the  middle  of  the  fore- 
most spring;  the  equal  and  opposite  resistance  of  the  vehicle  is 
applied  to  the  gland  c,  which  is  fixed  on  the  middle  of  the  after- 
most spring.  Wben  no  tractive  force  is  exerted,  the  inward  faces 
of  the  springs  are  straight  and  parallel;  when  a  force  is  exerted, 
the  springs  are  bent,  and  are  drawn  apart,  through  a  distance  pro- 
portional to  the  force.  The  springs  are  protected  against  being 
bent  so  &r  as  to  injure  them  by  means  of  the  safety  bridles  i,  i, 
with  their  bolts  e,  e,  Thos^  bridles  are  carried  by  the  after-gland^ 
and  their  bolts  serve  to  stop  the  foremost  spring  when  it  is  drawn 
forward  as  far  as  is  consistent  with  the  preservation  of  elasticity 
and  strength. 
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The  frame  of  the  apparatus  for  giving  motion  to  the  paper  band 


rig.ia. 


Fig.  13  a. 

IS  carried  by  the  after^gland.  The  principal  parte  of  that  apparatus 
are  the  following: — 

I,  store  drum  on  which  the  paper  band  is  rolled  before  the  com- 
mencement of  the  experiment,  and  off  which  it  is  drawn  as  the 
experiment  proceeds; 

fff  taking-up  drum,  to  which  one  end  of  the  paper  band  is  glued, 
and  which  draws  along  and  rolls  up  the  paper  band  with  a  velocity 
proportional  to  that  of  the  vehicle  Fixed  on  the  axis  of  this  drum 
is  a  fnsee  having  a  spiral  groove  roimd  it,  whose  radius  gradually 
increases  at  the  same  rate  as  that  at  whidi  the  effective  radius  of 
the  drum  g  is  increased  during  its  motion  by  the  rolling  of  succes- 
sive coils  of  paper  upon  it  The  object  of  this  is  to  prevent  that 
increase  of  the  effective  radius  of  the  druik  from  accelerating  the 
speed  of  the  paper  band; 

fi  is  a  drum  which  receives  through  a  train  of  wheelwork  and 
endless  screws,  a  velocity  proportional  to  that  of  the  wheels  of  the 
vehicle,  and  which,  by  means  of  a  cord,  drives  the  fusee.  The 
medianism  is  usually  so  designed  that  the  paper  moves  at  one- 
fiftieth  of  the  speed  of  the  vehicle. 

Between  the  drums  I  and  g,  there  are  three  small  rollers  to  sup- 
port the  paper  band  and  keep  it  steady. 

One  of  the  safety  bridles  carries  a  pencil  k,  which,  being  at  rest 
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relatirely  to  the  frame  of  the  recording  apparatus,  traces  a 
straight  line  on  the  band  of  paper  as  the  latter  travels  below 
the  pencil  That  line  is  called  the  zero  line,  and  corresponds  to 
O  X  in  fig.  3. 

An  arm  fixed  to  the  forward  gland  carries  another  pencil,  whose 
position  is  adjusted  before  the  experiment,  so  that  when  there  is 
no  tractive  force  its  point  rests  on  the  zero  line.  During  the  ex- 
periment, this  pencil  traces  on  the  paper  band  a  line  such  as 
ERG,  fig.  3,  whose  ordinate  or  distance  from  any  given  point  in 
the  zero  line  is  the  deflection  of  the  pair  of  springs,  and  propor- 
tional to  the  tractive  force,  at  the  corresponding  point  in  the  jour- 
ney of  the  vehicle. 

The  areas  of  the  diagrams  drawn  by  this  apparatus,  representing 
quantities  of  work,  may  be  found  either  by  the  method  described 
in  Articles  11,  11  A,  or  by  an  instrument  for  measuring  the  areas  of 
plane  figures,  called  the  PlamrrieteT,  of  which  various  forms  have 
been  invented  by  M.  Ernst,  Mr.  Edward  Sang,  and  Professor 
Clerk  Maxwell. 

A  third  pencil,  actuated  by  a  clock,  is  sometimes  caused  to  mark 
a  series  of  dots  on  the  paper  band  at  equal  intervals  of  time,  and 
so  to  record  the  changes  of  velocity. 

When  one  vehicle  (such  as  a  locomotive  engine)  drags  one  or 
more  others,  the  apparatus  may,  if  convenient,  be  turned  hind  side 
before,  and  carried  by  the  foremost  vehicle.  In  such  a  case  the 
motion  of  the  band  of  paper  ought  to  be  derived,  not  from  a  driving 
wheel,  which  is  liable  to  slip,  but  from  a  training  wheeL 

When  the  apparatus  is  used  to  I'ecord  the  tractive  force  and 
work  performed  in  towing  a  vessel,  the  apparatus  for  moving  the 
paper  band  may  be  driven  by  means  of  a  wheel  or  fan,  acted  upon 
by  the  water;  in  which  case,  the  ratio  of  the  velocity  of  the  band 
to  that  of  the  vessel  should  be  determined  by  experiment* 

Owing  to  {he  varieties  which  exist  in  the  elasticity  of  steel,  the 
relation  between  the  deflections  of  the  springs  and  the  tractive 
forces  can  only  be  roughly  calculated  beforehand,  and  should  be 
determined  exactly  by  direct  experiment — that  is,  by  hanging 
known  weights  to  the  springs  and  noting  the  deflections. 

The  best  form  of  longitudinal  section  for  each  spring  is  that 
which  gives  the  greatest  flexibility  for  a  given  strength,  and  con- 
sists of  two  parabolas,  having  their  vertices  at  the  two  ends  of  the 
spring,  and  meeting  base  to  base  in  the  middle — ^that  is  to  say,  the 
thickness  of  the  spring  at  any  given  point  of  its  length  should  be 
proportional  to  the  square  root  of  the  distance  of  that  point  from 
the  nearest  end  of  the  spring.     To  express  this  by  a  formula,  let 

c  be  the  half-length  of  the  spring; 

h  the  thickness  in  the  middle; 
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X  the  distance  of  aiij  point  in  the  spring  from  the  end  nearest 
to  it; 

h!  the  thickness  at  that  point;  then 


v=»v?- 


.(1.) 


The  breadth  of  each  spring  should  he  uniform,  and,  according  to 
General  Morin,  should  not  exceed  from  1^  to  2  inches.  Let  it  be 
denoted  by  b. 

The  following  is  the  formula  for  calculating  beforehand  the  pro- 
bable joint  deflection  of  a  given  pah*  of  springs  under  a  given  trac- 
tive force : — 

Let  the  dimensions  c,  h,  b,  be  stated  in  inches,  and  the  force  P 
in  pounda 

Let  y  denote  the  deflection  in  inches. 

Let  E  denote  the  modtUtu  qfdasHcUy  of  steel,  in  pounds  on  the 
square  incL  Its  value,  for  different  specimens  of  steel,  varies  from 
29,000,000  to  42,000,000,  the  smaller  values  being  the  most  com- 
mon.    Then 

8Pc»  .„. 

2^  =  E6l» ^^-^ 

The  deflection  should  not  be  permitted  to  exceed  about  one- 
tenth  part  of  the  length  of  the  springs. 

41.  Havta'k  WLmtaMmrj  Ujmmw^mMm  is  represented  in  flgs.  14,  14  a, 


Rg.  14. 


Fig.  14  a. 


and  is  designed  to  record  the  work  performed  by  a  prime  mover  in 
tnuismitting  rotatory  motion  to  any  machine.     A  is  a  &st  pulley, 
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and  0  a  loose  pulley,  on  the  same  shaft.  A  belt  transmits  motion 
from  the  prime  mover  to  one  or  other  of  those  pulleys  according  as 
it  is  desii^  to  transmit  motion  to  the  shaft  or  not. 

A  third  pulley,  B,  on  the  same  shaft,  carries  the  belt  which 
transmits  motion  to  the  machine  to  be  driven.  This  pulley  is  also 
loose  on  the  shafb  to  a  certain  extent,  so  that  it  is  capable  of  mov- 
ing relatively  to  the  shaft,  backwards  and  forwards  tlurough  a  small 
arc,  sufficient  to  admit  of  the  deflection  of  a  steel  spring  by  which 
motion  is  transmitted  from  the  shaft  to  the  pidley. 

One  end  of  that  spring  is  fixed  to  the  shaft,  so  that  the  spring 
mx>jects  from  the  shaft  like  an  arm,  and  rotates  along  with  it. 
The  other  end  of  the  spring  is  connected  with  the  pulley  B  near  its 
circumference,  and  is  the  means  of  driving  that  pulley;  so  that  the 
spring  undergoes  deflection  proportional  to  the  eflbrt  exerted  by 
the  shafb  on  the  pulley. 

A  frame  pi*ojecting  radially  like  an  arm  from  the  shaft,  and 
rotating  along  with  it,  carries  an  apparatus  similar  to  that  used  in 
the  traction  dynamometer,  for  making  a  band  of  paper  move  radi- 
ally with  respect  to  the  shaft  with  a  velocity  proportional  to  the 
speed  with  which  the  shaft  rotates.  A  pencil  carried  by  this  frame 
traces  a  zero  line  on  the  paper  band ;  and  another  pencil  carried 
by  the  end  of  the  spring,  traces  a  line  whose  ordinates  represent 
the  forces  exerted,  just  as  in  the  traction  dynamometer. 

The  mechanism  for  moving  the  paper  band  is  driven  by  a  toothed 
ring  surrounding  the  shaft,  and  kept  at  rest  while  the  shaft  rotates 
by  means  of  a  catch.  When  that  catch  is  drawn  back,  the  toothed 
ring  is  set  free,  rotates  along  with  the  shaft,  and  ceases  to  drive 
the  mechanism;  and  thus  the  motion  of  the  paper  band  can  be 
stopped  if  necessary. 

42.  M«riB*s  iBic«naiBg  njwuutfmeuin  record  simply  the  work 
performed  in  dragging  a  vehicle  or  driving  a  machine,  without  re- 
cording separately  the  force  and  the  motion.  The  general  principle 
of  the  method  by  which  this  is  eflected  is  shown  by  fig.  15,  in 

which  A  represents  a  pbine  circular 
disc,  made  to  rotate  with  an  angular 
velocity  proportional  to  the  speed  of 
--^  p  the  motion  of  the  vehicle  or  machine, 
and  B  a  small  wheel  driven  by  the 
friction  of  the  disc  against  its  edge, 
Fig.  15.  and  having  its  axis  parallel  to  a 

radius  of  the  disc.  The  wheel  B, 
and  some  mechanism  which  it  drives,  are  carried  by  a  frame 
which  is  carried  by  one  of  the  dynamometer  springs,  and  so  ad- 
justed that  the  distance  of  the  edge  of  B  from  ^e  centre  of  A  is 
equal  to  the  deflection  of  the  springs,  and  proportional  to  the  effort 
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The  Telocity  of  the  edge  of  B  at  any  instant  being  the  product 
of  its  distance  from  the  centre  of  A  into  the  angular  velocity  of  A, 
is  proportional  to  the  product  of  the  effort  into  tibe  velocity  of  the 
vehicle  or  machine — ^that  is,  to  the  rate  at  which  work  ia  performed; 
therefore  the  motion  of  the  wheel  B,  in  any  interval  of  time,  is 
proportional  to  the  work  performed  in  that  time;  and  that  work  can 
be  recorded  by  means  of  dial  plates,  with  indexes  moved  by  a  train 
of  wheelwork  driven  by  the  wheel  B. 

43w  iMdttcaaOT— AvpUeirttoM  to  tlic  B^emm  Bastee* — This  instrument 
was  invented  by  Watt,  an4  has  since  been  improved  by  other  in- 
ventors, and  especially  by  Mr.  M'Naught.  Its  object  is  to  record, 
by  means  of  a  diagram,  the  intensity  of  the  pressure  exerted  by 
steam  against  one  of  the  fayceB  of  a  piston  at  each  point  of  the  pis- 
ton's motion,  and  so  to  afford  the  means  of  computing,  according 
to  the  principles  of  Article  6  and  Article  11,  first,  the  energy 
exerted  by  the  steam  in  driving  the  piston  during  the  forward 
stroke ;  secondly,  the  work  lost  by  the  piston  in  expelling  the 
steam  from  the  cylinder  during  the  return  stroke;  and  thirdly,  the 
difference  of  these  quantities,  which  is  the  available  or  effective 
energy  exerted  by  the  steam  on  the  piston,  and  which,  being  mul- 
tiplied by  the  number  of  strokes  per  minute  and  divided  by  33,000 
foot-pounds,  gives  the  indicated  horse-poweb. 

The  indicator  in  its  present  form  is  represented  by  £g.  16.  A  B 
is  a  cylindrical  case.  Its  lower  end  A  contains 
a  small  cylinder,  fitted  with  a  piston,  which 
cylinder,  by  means  of  the  screwed  nozzle  at  its 
lower  end,  can  be  fixed  in  any  convenient  posi- 
tion on  a  tube  communicating  with  that  end  of 
the  engine  cylinder  where  the  work  of  the  steam 
is  determined.  The  communication  between  the 
engine  cylinder  and  the  indicator  cylinder  can  be 
opened  and  shut  at  will  by  means  of  the  cock  K. 
When  it  is  open,  the  intensity  of  the  pressure  of 
the  steam  on  the  engine  piston  and  on  the  indi- 
cator piston  IB  the  same,  or  nearly  the  same. 

The  uj^r  end  B  of  the  cylindrical  case  con- 
tains a  spiral  spring,  one  end  of  which  is  at- 
tached to  the  piston  or  to  its  rod,  and  the  other 
to  the  top  of  the  casing.  The  indicator  piston 
is  pressed  fix>m  below  by  the  steam,  and  from 
above  by  the  atmosphere.  When  the  pressure 
of  the  steam  is  equal  to  that  of  the  atmosphere, 
the  spring  retains  its  unstittined  length,  and  the  piston  its  original 
position.  When  the  pressure  of  the  steam  exceeds  that  of  the 
atmosphere,  the  piston  is  driven  outwards,  and  the  spring  oom^ 


Fig.  16. 
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when  the  pressure  of  the  steam  is  less  than  that  of  the 
atmosphere,  the  piston  is  driven  inwards,  and  the  spring  extended. 
The  compression  or  extension  of  the  spring  indicates  the  difference, 
upward  or  downward,  between  the  pressure  of  the  steam  and  that 
of  the  atmosphere. 

A  short  arm  C  projecting  fipom  the  indicator  piston  rod  carries  at 
one  side  a  pointer  D,  which  shows  the  pressure  on  a  scale  whose 
zero  denotes  the  pressure  of  the  aJtm/osphere^  and  which  is  graduated 
into  poimds  on  the  square  inch  both  upwards  and  downwards 
from  that  zero.  At  the  other  side,  the  short  arm  has  a  longer  arm 
jointed  to  it,  carrying  a  pencil  E. 

F  is  a  brass  dram,  which  rotates  backward  and  forward  about  a 
vertical  axis,  and  which,  when  about  to  be  used,  is  covered  with  a 
piece  of  paper  called  a  "  card."  It  is  alternately  pulled  round  in 
one  direction  by  the  cord  H,  which  wraps  on  the  pulley  G,  and 
pulled  back  to  its  original  position  by  a  spring  contained  within 
itself.  The  cord  H  is  to  be  connected  with  the  mechanism  of  the 
steam  engine  in  any  convenient  manner  which  shall  insure  that 
the  velocity  of  rotation  of  the  drum  shall  at  every  instant  bear  a 
constant  ratio  to  that  of  the  steam  engine  piston :  the  back  and 
forward  motion  of  the  surface  of  the  drum  representing  that  of  the 
steam  engine  piston  on  a  reduced  scala  This  having  been  done, 
and  before  opening  the  cock  K,  the  pencil  is  to  be  placed  in  con- 
tact with  the  drum  during  a  few  strokes,  when  it  will  mark  on  the 
card  a  line  which,  when  the  card  is  afterwards  sj^read  out  flat, 
becomes  a  straight  line.  This  line,  whose  position  indicates  the 
pressure  of  the  atmosphere,  is  called  the  atmospheric  line.  In  fig. 
17,  it  is  represented  by  A  A 
Then  the  cock  K  is  opened,  and  the  pencil  moving  up  and  down 

with  the  variations  of  the  pressure 
of  the  steam,  traces  on  the  card 
during  each  complete  or  double 
stroke  a  curve  such  as  B  C  D  E  R 
The  ordinates  drawn  to  that  curve 
from  any  point  in  the  atmospheric 
line,  such  as  HK  and  HG,  indi- 
cate the  differences  between  the 
pressure  of  the  steam  and  the  at- 
mospheric pressure  at  the  corre- 
sponding point  of  the  motion  of  the 
piston.  The  ordinates  of  the  part  B  C  D  E  represent  the  pres- 
sures of  the  steam  during  the  forward  stroke,  when  it  is  driving 
the  piston ;  those  of  the  part  E  B  represent  the  pressures  of  the 
steam  when  the  piston  is  expelling  it  from  the  cylinder. 

To  found  exact  investigations  on  the  indicator  diagrams  of  steam 


Fig.  17. 
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engines,  the  atmospheric  pressure  at  the  time  of  the  experiment 
ought  to  be  ascertained  by  means  of  a  barometer;  but  this  is  gene- 
rally omitted;  in  which  case  the  atmospheric  pressure  may  be 
assumed  at  its  mean  value,  being  14 '7  lbs.  on  the  square  inch,  or 
2116*4  lbs.  on  the  square  foot,  at  and  near  the  level  of  the  sea. 

Let  A  O  =  H  F  be  ordinates  representing  the  pressure  of  the 
atmosphere.  Then  O  F  V  parallel  to  A  A,  is  the  absolute  or  true 
zero  Ime  of  the  diagram^  corresponding  to  no  pressure;  and  ordi- 
nates drawn  to  the  curve  from  that  line  represent  the  absolute 
intensities  of  the  pressure  of  the  steam.  Let  O  B  and  L  £  be  ordi- 
nates touching  the  ends  of  the  diagram;  then 

O  L  represents  the  vohmve  traversed  by  the  piston  at  each  single 
stroke  (  =  «  A,  where  a  is  the  length  of  the  stroke  and  A  the  area 
of  the  piston); 

The  area  O  B  C  D  E  L  O  represents  the  energy  exerted  by  the 
steam  on  the  piston  during  the  forward  stroke; 

The  area  O  B  E  L  O  represents  the  work  lost  in  expelling  the 
steam  during  the  back  stroke; 

The  area  B  C  D  E  B,  being  the  difference  of  the  above  areas,  re- 
presents the  effective  work  of  the  steam  on  the  piston,  during  the 
complete  stroke. 

Those  areas  can  be  found  by  the  method  explained  in  Article  11a. 

The  meomforwa/rd  presswre,  the  mean  hack  pressure^  and  the  nfieaii 
effective  pressu/re,  are  found  by  dividing  those  three  areas  respec- 
tively by  the  volume  s  A,  which  is  represented  by  O  L. 

Those  mean  pressures,  however,  can  be  found  by  a  direct  process, 
without  first,  measuring  the  areas,  viz. : — 

Divide  the  length  of  the  diagram  O  L  into  any  convenient  num- 
ber, n,  of  equal  parts  (the  usual  number  is  ten),  &nd  measure  the 
ordinates  at  the  two  ends  and  the  n—l  points  of  division;  so  that 
ordinates  are  measured  from  n  + 1  equi-distant  points  in  O  L. 

Let  po  be  the  first,  p^  the  last,  and  p^,  ^„  &c.,  thfe  intermediate 
ordinates  of  the  upper  curve  C  D  E ;  let  p'o  be  the  first,  p'^  the  last, 
and  p\,  p'tt  Ac.,  tiie  intermediate  ordinates  of  the  lower  curve 
E  G  B ;  let  p,  denote  the  mean  forward  pressure,  jt?'„  the  mean- 
back  pressure,  and  p^  —p'm  the  mean  effective  pressure.     Then 
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It  is  obvions  that  the  mean  effective  pressure  may  be  computed 
at  once  irrespectively  of  the  forward  and  back  pressures,  and  of  the 
true  zero  line,  simply  by  measuring  a  series  of  equi-distant  breadths 
of  the  diagram  perpendicular  to  A  A,  such  as  G  K  ;  the  mean  of 
which  breadths  represents  the  mean  effective  pressure.  That  is,  let 
60  be  the  first,  5,  the  last,  and  6],  h^  <&c.,  the  intermediate  breadths; 
then 

i'«-/.=^(^*-  +  6.+ft,  +  &c.) (2.) 

The  effective  energy  exerted  by  the  steam  on  the  piston  during 
each  double  stroke  is  the  product  of  the  mean  effective  pressure, 
the  area  of  the  piston,  and  the  length  of  stroke,  or 

(p«-p'«)A«; (3.) 

and  if  N  be  the  number  of  double  strokes  in  a  minute,  the  indicated 
power  infoot-pov/nda  per  minute  is 

(p^-j/.)ANs; (4.) 

from  which  the  indicated  horaerpower  is  found  by  dividing  by 
33,000. 

In  a  i»«Bbl«  AdiBg  Bagive  the  steam  acts  alternately  on  either 
side  of  the  piston ;  and  to  measure  the  power  accurately,  two  indi- 
cators should  be  used  at  the  same  time,  communicating  respectively 
with  the  two  ends  of  the  cylinder.  Thus  a  pair  of  diagrams  will 
be  obtained,  one  representing  the  action  of  the  steam,  on  each  face 
of  the  piston.  The  mean  effective  pressure  is  to  be  found  as  above 
for  each  diagram  separately,  and  then,  if  the  areas  of  the  two  faces 
of  the  piston  are  sensibly  equal,  the  mean  of  those  two  resiUta  ia  to 
be  taken  as  the  general  Tneaai  effective  presswre;  which  being  multi- 
plied by  the  area  of  the  piston,  the  length  of  stroke,  and  twice  the 
number  of  double  strokes  or  revolutions  in  a  minute,  gives  the 
indicated  power  per  minute ;  that  is  to  say,  if  jp"  denotes  the  gene- 
ral mean  effective  pressure,  the  indicated  power  per  minute  is 

'     /  A  •  2 N^. (5.) 

If  the  two  faces  of  the  piston  are  sensibly  of  unequal  areas 
(as  in  "  trunk  engines "),  the  indicated  power  is  to  be  comput-ed 
separately  for  each  face,  and  the  results  added  together. 

If  there  are  two  or  more  cylinders,  the  quantities  of  power 
indicated  by  their  respective  diagrams  are  to  be  added  together. 

The  following  is  an  example  from  a  double  cylinder,  double  act- 
ing engine : — 
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BuBAintHS  or  DiAOBAXs,  Mbasubed  bt  a  Scaub  Bepkesenting 
PocinDs  ON  THE  Sqttase  Inch. 


n=  lo. 


60 


Sum,  .    . 
Half  Bom, 


b. 


FIRST  CTLINDEB. 


27 
13 


4P 


20 

83 
91 
91 
64 

57 
53 
42 

35 
22 


558 


55-8 


36 
12 


48 


24 

97 
96 

84 
64 

57 
46 

40 
32 
22 


562 


70-9 


562 


7-09 


Sum, 

Sum  -T- 1  o  =  meaneff.  pres. 

Mean  of  top  and  bottom, 
X  Area  of  piston,  sq.  ins., 

Mean  effort,  in  Ibe., 

X  Stroke,  in  feet,  2^] 

X    revolutions    per  l 

minute,  52^,  X  2  =  ) 

Indicated  power,  in  ft.- ) 
lbs.  per  minute,        j 

Total  indie,  power,  in  ft. -lbs.  per  min.,    7654342-5 
•^  33000  =  indicated  horse-power,  232 


560 
345 

19320 
2625 

5071500 
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16*0 
2'0 


i8-o 


9-0 
105 

8-5 
75 
7'o 
6-6 
6-2 
60 
51 
4*5 


12*4 
3-8 


i6-2 


81 

10-8 
90 
8-0 
7*1 
67. 
60 
5-6 
54 
5-0 


717 


7-17 


7*13 
1380 


98394 
2625 

2582842-5 
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The*  inertia  of  the  moving  parts  of  the  indicator,  combined  with 
the  elasticity  of  the  spring,  cause  oscilhttions  of  its  piston  abovo 
and  below  tiLe  curve  which  woidd  accurately  represent  the  pres- 
sures; but  the  errors  which  those  oscillations  produce  in  the  indi- 
cation of  the  pressures  at  particular  instants,  being  alternately 
upward  and  downward,  neutralize  each  other,  and  do  not  in  tlie 
least  affect  the  indicated  power,  nor  the  mean  effective  pressure. 

The  friction  of  the  moving  parts  of  the  indicator  tends  on  the 
whole  to  make  the  indicated  power  and  indicated  mean  effective 
pressure  less  than  the  truth,  tiut  to  what  extent  is  uncertain. 

Every  indicator  should  have  the  accuracy  of  the  graduation  of 
its  scale  of  pressures  frequently  tested  by  comparison  with  a  stan- 
dard pressure  gauge. 

The  conclusions  to  be  drawn  from  the  figures  of  indicator 
diagrams  will  be  treated  of  in  the  part  of  this  treatise  which 
relates  specially  to  the  steam  engina 

44.  Indicator— otker  Appiicattona. — The  indicator  may  obviously 
be  used  for  measuring  the  energy  exerted  by  any  fluid,  whether 
liquid  or  gaseous,  in  driving  a  piston;  or  the  work  performed  by  a 
pump,  in  lifting,  propelling,  or  compressing  any  fluid. 

Section  5. — 0/ Brakes. 

45.  Brakes  ]>cflii«4  and  ciaaMd. — The  contrivances  here  com- 
prehended under  the  general  title  of  Brakes  are  those  by  means  of 
which  friction,  whether  exercised  amongst  solid  or  fluid  particles, 
is  purposely  opposed  to  the  motion  of  a  machine,  in  order  either  to 
stop  it,  to  retard  it,  or  to  employ  superfluous  energy  diu-ing  uniform 
motion.  The  use  of  a  brake  involves  waste  of  energy,  which  is  in 
itself  an  evil,  and  is  not  to  be  incurred  unless  it  is  necessaiy  to  con- 
venience or  safety. 

Brakes  may  be  classed  as  follows : — 

I.  Block  brakes,  in  which  one  solid  body  is  simply  pressed  against 
another,  on  which  it  rubs. 

II.  Flexible  brakes ,  which  embrace  the  periphery  of  a  drum  or 
pulley  (as  in  Prony's  dynamometer.  Article  39). 

III.  Pump  brakes,  in  which  the  resistance  employed  is  the  fric- 
tion amongst  the  particles  of  a  fluid  forced  through  a  narrow 
passage. 

IV.  Fam.  brakes,  in  which  the  resistance  employed  is  that  of  a 
fluid  to  a  fan  rotating  in  it. 

46.  Actian  af  Brakes  la  Oaacral. — The  work  disposed  of  by  a 
brake  in  a  given  time  is  the  product  of  the  resistance  which  it  pro- 
duces into  the  distance  through  which  that  resistance  is  overcome 
in  a  given  time. 
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To  stop  a  machine,  tlie  brake  must  employ  work  to  the  amount 
of  Hie  whole  actual  energy  of  the  machine,  as  already  stated  in 
Article  34.  To  retard  a  machine,  the  brake  must  employ  work  to 
an  amount  equal  to  the  difference  between  the  actual  energies  of 
the  machine  at  the  greater  and  less  velocities  respectively. 

To  dispose  ofsurpkbe  ertergy,  the  biuke  must  employ  work  equal 
to  that  energy ;  that  is,  the  resistance  caused  by  the  brake  must 
balance  the  surplus  effort  to  which  the  surplus  energy  is  due ;  so 
that  if  n  is  the  ratio  which  the  velocity  of  rubbing  of  the  brake 
bears  to  the  velocity  of  the  driving  point,  P  the  surplus  effort  at 
the  driving  point,  and  K  the  resistance  of  the  brake,  we  ought  to 
have — 

p 
R  =  - • (1.) 

It  is  obviously  better,  when  practicable,  to  store  surplus  energy, 
or  to  prevent  its  exertion,  than  to  dispose  of  it  by  means  of  a 
braka 

When  the  action  of  a  brake  composed  of  solid  material  is 
continuous,  a  stream  of  water  must  be  supplied  to  the  rubbing 
sur&ces,  to  abstract  the  heat  that  is  produced  by  the  friction, 
according  to  the  law  stated  in  Article  13. 

47.  Btock  Bnikea. — When  the  motion  of  a  machine  is  to  be 
controlled  by  pressing  a  block  of  solid  material  against  the  rim  of  a 
rotating  dnun,  it  is  advisable,  inasmuch  as  it  is  easier  to  renew  the 
rubbing  surface  of  the  block  than  that  of  the  drum,  that  the  drum 
should  be  of  the  harder  and  the  block  of  the  softer  material — ^the 
drum,  for  example,  being  of  iron  and  the  block  of  wood.  The  best 
kinds  of  wood  for  this  purpose  are  those  which  have  considerable 
strength  to  resist  crushing,  such  as  elm,  oak,  and  beech.  The  wood 
forms  a  facing  to  a  frame  of  iron,  and  can  be  renewed  when  worn. 

When  the  brake  is  pressed  against  the  rotating  drum,  the  direc- 
tion of  the  pressure  between  them  is  obliquely  opposed  to  the 
motion  of  the  drum  so  as  to  make  an  angle  with  the  radius  of  the 
drum  equal  to  the  cmgle  of  repose  of  the  rubbing  surfaces  (denoted 
by  ^;  see  Article  13).  The  component  of  that  oblique  pressure  in 
the  direction  of  a  tangent  to  the  rim  of  the  drum  is  the  friction 
(R)  ;  the  component  perpendicular  to  the  rim  of  the  drum  is  the 
normal  pressure  (Q)  required  in  order  to  produce  that  friction,  and 
is  given  by  the  equation — 

^  =  7^ ^'•> 

/being  the  co-efficient  of  friction,  and  the  proper  value  of  R  being 
determined  by  the  principles  stated  in  Article  46. 


54:  nsTBODucnosr. 

It  is  in  general  desirable  that  the  brake  should  be  capable  of 
effecting  its  purpose  when  pressed  against  the  drum  by  means  of 
the  strength  of  one  man,  pulling  or  pushing  a  handle  with  one 
hand  or  one  foot  As  the  required  normal  pressure  Q  is  usually 
considerably  greater  than  the  force  which  one  man  can  exert,  a 
lever,  or  screw,  or  a  train  of  levers,  screws,  or  other  convenient 
mechanism  must  be  interposed  between  the  brake  block  and  the 
handle,  so  that  when  the  block  is  moved  towards  the  drum,  the 
handle  shall  move  at  least  through  a  distance  as  many-  times 
greater  than  the  distance  by  which  the  block  directly  approaches 
the  drum,  as  the  required  normal  pressure  is  greater  than  the  force 
which  the  man  can  exert. 

Although  a  man  may  be  able  occasionally  to  exert  with  one 
hand  a  force  of  100  lbs.  or  150  lbs.  for  a  short  time,  it  is  desirable 
that,  in  working  a  brake,  he  should  not  be  required  to  exert  a 
force  greater  than  he  can  keep  up  for  a  considerable  time,  and 
exert  repeatedly  in  the  course  of  a  day,  without  fsttigue — ^that  is  to 
say,  about  20  Iba  or  25  lbs. 

48.  The  Brakes  •f  CaniagM  are  usually  of  the  class  just  de- 
scribed, and  are  applied  either  to  the  wheels  themselves  or  to 
drums  rotating  along  with  the  wheels.  Their  effect  is  to  stop  or  to 
retard  the  rotation  of  the  wheels,  and  make  them  slip  instead  of 
rolling  on  the  road  or  railway.  The  resistance  to  the  motion  of  a 
carriage  which  is  caused  by  its  brake  may  be  less  but  cannot  be 
greater  than  the  friction  of  the  stopped  or  retarded  wheels  on  the 
road  or  rails  under  the  load  which. rests  on  those  wheels.  The 
distance  which  a  carriage  or  train  of  carriages  will  run  on  a  level 
line  during  the  action  of  the  brakes  before  stopping  is  found  by 
dividing  the  actual  energy  of  the  moving  mass  before  the  brakes 
are  applied  by  the  sum  of  the  ordinary  resistance  and  of  the  addi- 
tional resistance  caused  by  the  brakes;  in  other  words,  that  dis- 
tance is  as  many  times  greater  than  the  height  due  to  the  speed  as 
the  weight  of  the  moving  mass  is  greater  than  the  total  resistance. 

The  skid  or  dipper  drag,  being  placed  under  a  wheel  of  a  carriage, 
causes  a  resistance  due  to  the  Motion  of  the  skid  upon  the  road  or 
rail  under  the  load  that  rests  on  the  wheel. 

49.  Flexible  Brakes  {A,  if.,  678). — ^A  flexible  brake  embraces  a 
greater  or  less  arc  of  the  rim  of  a  drum  or  pulley,  whose  motion  it 
resists.  In  some  cases  it  consists  of  an  iron  strap,  of  a  radius 
naturally  a  little  greater  than  that  of  the  drum;  so  that  when  left 
fi^e,  the  strap  remains  out  of  contact  with  the  drum,  and  does  not 
resist  its  motion;  but  when  tension  is  applied  to  the  ends  of  the 
strap,  it  clasps  the  drum,  and  produces  the  required  friction.  The 
rim  of  the  diTim  may  be  either  of  iron  or  of  wood.  In  other  cases, 
the  brake  consist^  of  a  chain,  or  jointed  series  of  iron  bars,  usually 
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faced  with  wooden  blocks  on  the  side  next  the  drum.  When  ten- 
sion is  applied  to  the  ends  of  the  chain,  the  blocks  clasp  the  drum 
and  produce  friction;  when  that  tension  is  removed,  the  blocks  are 
drawn  back  from  the  drum  by  springs  to  which  they  are  attached, 
and  the  friction  ceases. 

The  following  formulae  are  exact  for  perfectly  flexible  continuous 
bands,  and  approximate  for  elastic  straps  and  for  chains  of  blocks. 
For  their  demonstration,  the  reader  is  referred  to  treatises  on 
mechanics. 

In  fig.  18,  let  A£  be  the  dram,  and  0  its  axis,  and  let  the 
direction  of  rotation  of  the  drum  be  indicated 
by  the  arrow.  Let  T^  and  Tg  represent  the 
tensions  at  the  two  ends  of  the  strap,  which 
embraces  the  rim  of  the  drum  throughout  the 
arc  A  B.  The  tension  T^  exceeds  the  tension 
Tg  by  an  amount  equal  to  the  friction  between 
the  strap  and  drum,  R ;  that  is, 

R  =  Ti~Tg. 

Let  c  denote  the  ratio  which  the  arc  of  contact 
A  B  bears  to  the  cvreumferenee  of  the  drum ; 
/  the  co-efficient  of  friction  between  the  strap 
and  drum  j  then  the  ratio  T^  :  Tg  is  the  number 
whose  common  logarithm  is  2'7 288 fc,  or  F^-  ^^• 

^=102'7288/c_:N'. (1.) 

which  number  having  been  found,  is  to  be  used  in  the  following 
formulse  for  finding  Sie  tensions  T^,  Tg,  required  in  order  to  pro- 
duce a  given  resistance  R : — 

N 
Backward  or  greatest  tension,  Tj  =  R  •  WZl  '' ^^'^ 

Forward  or  least  tension,         Tg  =  R  •  r^^ — =• (3.) 

The  following  cases  occur  in  practice: — 

L  When  it  is  desired  to  produce  a  great  resistance  compa/red 
with  the  force  applied  to  the  brake,  the  backward  end  of  the  brake, 
where  the  tension  is  Tj,  is  to  be  fixed  to  the  framework  of  the 
machineiy,  and  the  forward  end  moved  by  means  of  a  lever  or 
other  suitable  mechanism;  when  the  force  to  be  applied  by  means 
of  that  mechanism  will  be  Tg,  which,  by  making  N  sufficiently 
great,  may  be  made  small  as  compared  with  R 
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II.  When  it  is  desired  that  tlie  resistance  shall  altoays  be  less  than 
a  certain  given  force,  the  forward  end  of  the  brake  is  to  be  fixed, 
and  the  backward  end  pulled  with  a  force  not  exceeding  the  given 
force.  This  will  be  T^ ;  and,  as  the  equation  2  shows,  how  great 
soever  N  may  be,  R  will  always  be  less  than^  Tj.  This  is  the 
principle  of  the  brake  applied  by  Professor  William  Thomson,  to 
apparatus  for  paying  out  submarine  telegraph  cables,  with  a  view 
to  limiting  the  resistance  within  the  amount  which  the  cable  can 
safely  bear. 

In  any  case  in  which  it  is  desired  to  give  a  great  value  to  the 
ratio  N,  the  flexible  brake  may  be  coiled  spirally  round  the  drum, 
so  as  to  make  the  arc  of  contact  greater  than  one  circumference. 

50.  P«iup  Brakes. — The  resistance  of  a  fluid,  forced  by  a  pump 
through  a  narrow  orifice,  may  be  used  to  dispose  of  superfluous 
energy. 

The  energy  which  is  expended  in  forcii^g  a  given  weight  of  fluid 
through  an  orifice  is  found  by  multiplying  that  weight  into  the 
height  due  to  the  greatest  velocity  which  its  particles  acqidre  in 
that  process,  and  into  a  factor  greater  than  unity,  which  for  each 
kind  of  orifice  is  determined  experimentally,  and  whose  excess 
above  unity  expresses  the  proportion  which  the  energy  expended  in 
overcoming  the  friction  between  the  fluid  and  the  orifice  bears  to 
the  energy  expended  in  giving  velocity  to  the  fluid. 

The  following  are  some  of  the  values  of  that  &ctor,  which  will  be 
denoted  by  1  +  F  : — 

For  an  orifice  in  a  thin  plate,  1  +  F  =  1-054 (1.) 

For  a  straight  uniform  pipe  of  the  length  I,  and  whose  hydravlic 
meam,  depth,  that  is,  the  area  divided  by  the  circumference  of  its 
cross-section,  is  m, 

1  +  F  =  1-505  +^ (2.) 

For  cylindrical  pipes,  m  is  one-fourth  of  the  diameter. 

The  factor /in  the  last  formula  is  called  the  co-efficient  o/JHction 
of  the  fluid.  For  tixUer  in  iron  pipes,  the  velocity  v  being  expressed 
in  feet  per  second,  its  value,  according  to  Weisbach,  is 

/=  00036.2:^; (3.) 

For  air,  /=  0-006  nearly (4.) 

The  greatest  velocity  of  the  fluid  particles  is  found  by  dividing 
the  volume  of  fluid  discharged  in  a  second  by  the  area  of  the  outlet 
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at  its  most  contracted  part.  When  the  outlet  is  a  cylindrical 
pipe,  the  sectional  area  of  that  pipe  may  be  employed  in  this 
calculation;  but  when  it  is  an  on£ce  in  a  thin  plate,  there  is  a 
<xmir<icted  vein  of  the  issuing  stream  after  passing  the  orifice,  whose 
area  is  on  an  average  about  0'62  of  the  area  of  the  orifice  itself; 
and  that  contracted  area  is  to  be  employed  in  computing  the 
velocity.  Its  ratio  to  the  area  of  the  orifice  in  the  plate  is  called 
the  co-effUsieirU  of  cofnJt/raAiwri* 

The  computation  of  the  energy  expended  in  forcing  a  given 
quantity  of  a  given  fluid  in  a  given  time  through  a  given  outlet,  is 
expressed  symbolically  as  follows  : — 

Let  V  be  the  volume  of  fluid  forced  through,  in  cubic  feet  per 
second, 

D,  the  density,  or  weight  of  a  cubic  foot^  in  pownda. 

A,  the  area  of  the  orifice,  in  equcvrefeet. 
c,  the  co-efficient  of  contraction. 

V,  the  velocity  of  outflow,  in  feet  per  second, 

B,  the  resistance  overcome  by  the  piston  of  the  pump  in  driving 
the  water,  in  pofwnds, 

Uy  the  velocity  of  that  piston,  in^ee^  per  second. 
Then 

"^-T' (^•) 

and 

Rw  =  DV(l-fF)^ ; (6.) 

the  factor  1  +  F  being  computed  by  means  of  the  formulae  1,  2,  3,  4. 
To  find  the  intensity  of  the  pressure  (p)  within  the  pump,  it  is  to 
be  observed,  as  in  Article  6,  that  if  A'  denotes  the  area  of  the 
piston, 

V  =  A'w;  R=;>A'; (7.) 

consequently, 

p  =  5,  =  D(l  +  F).^; (8.) 

that  is,  the  inievisity  of  the  pressure  is  that  due  to  the  v)eight  of  a 
vertical  column  ofthejfluid,  whose  height  is  greater  than  that  due  to 
the  velocity  ofouljlow  in  tfis  ratio  1  +  F  :  1. 

To  allow  for  the  fi-iction  of  the  piston,  about  one-tenth  may  in 
general  be  added  to  the  result  given  by  equation  6. 

The  piston  and  pump  have  been  spoken  of  as  single;  and  such 
may  be  the  case  when  the  velocity  of  the  piston  is  uniform.  When 
a  piston,  however,  is  driven  by  a  crank  on  a  shaft  rotating  at  an 
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uniform  speed,  its  velocity  varies;  and  when  a  pump  brake  is  to  be 
applied  to  such  a  shaft,  it  is  necessary,  in  order  to  give  a  sufficiently 
near  approximation  to  an  uniform  velocity  of  outflow,  that  there 
should  be  at  least,  either  three  single  acting  pumps,  driven  by  three 
cranks  making  with  each  other  angles  of  120°,  or  a  pair  of  double 
acting  pumps,  driven  by  a  pair  of  cranks  at  right  angles  to  each 
other;  and  the  result  will  be  better  if  the  pumps  force  the  fluid 
into  one  common  air  vessel  before  it  arrives  at  the  resisting 
orifice. 

That  orifice  may  be  provided  with  a  valve,  by  means  of  which  its 
area  can  be  adjusted,  so  as  to  cause  any  required  resistance. 

A  pump  brake  of  a  simple  kind  is  exemplified  in  the  apparatus 
called  the  "  c(Ua/ract,^^  for  regulating  the  opening  of  the  steam  valve 
in  single  acting  steam  engines.  It  will  be  more  folly  described 
under  the  head  of  those  engines.* 

51.  Fan  Brakes. — A  fan,  or  wheel  with  vanes,  revolving  in 
water,  oil,  or  air,  may  be  used  to  dispose  of  surplus  energy;  and 
the  resistance  which  it  causes  may  be  rendered  to  a  certain  extent 
adjustable  at  will,  by  making  the  vanes  so  as  to  be  capable  of  being 
set  at  diflerent  angles  with  their  direction  of  motion,  or  at  different 
distances  from  their  axis. 

Fan  brakes  are  applied  to  various  machines,  and  are  usually 
adjusted  so  as  to  produce  the  requisite  resistance  by  triaL  It  is, 
indeed,  by  trial  only  that  a  final  and  exact  adjustment  can  be 
effected;  but  trouble  and  expense  may  be  saved  by  making,  in  the 
first  place,  an  approximate  adaptation  of  the  fan  to  its  purpose  by 
calcidation. 

The  following  formulae  are  the  results  of  the  experiments  of 
Duchemin,  and  are  approved  of  by  Poncelet  in  his  MecarUque 
Industridle. 

For  a  thin  flat  vane,  whose  plane  traverses  its  axis  of  rotation,  let 

A  denote  the  area  of  the  vane ; 

ly  the  distance  of  its  centre  of  gravity  from  the  axis  of  rotation  ; 

8,  the  distance  from  the  centre  of  gravity  of  the  entire  vane,  to 
the  centre  of  gravity  of  that  half  of  it  which  lies  nearest  the  axis  of 
rotation; 

V,  the  velocity  of  the  centre  of  gravity  of  the  vane  (  =  a  ^,  if  a  is 
the  angular  velocity  of  rotation); 

D,  the  density  of  the  fluid  in  which  it  moves ; 

R  Z,  the  moment  of  resistance ; 

k,  a  co-eflicient,  whose  value  is  given  by  the  formula 

*  Pump  brakes  have  been  applied  to  railway  carriagea  by  Mr.  Laarencs  HilL     In 
1855,  it  was  proposed  by  Mr.  John  Thomson  and  the  author  to  applj'  them  to  the 
paying-out  apparatus  of  telegraph  cables ;  but  that  proposal  has  not  yet  been  practi- 
'  cally  tried. 
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k  =.  1-254  +  1-6244  ^^; (1.) 

then 

R  Z  =  /  ;fe  D  A  •  ^ (2.) 

When  the  vane  is  oblique  to  its  direction  of  motion,  let  %  denote 
the  acnte  angle  which  its  surface  makes  with  that  direction;  then 
the  result  of  equation  2  is  to  be  multiplied  by 

2  sin^i 

T ^^. (3.) 

1  +  sin*  %  ^    ' 

It  appears  that  the  resistance  of  a  fan  with  several  vanes  increases 
nearly  in  proportion  to  the  number  of  vanes,  so  long  as  their  dis- 
tances apart  are  not  less  at  any  point  than  their  lengths.  Beyond 
that  limit  the  law  is  uncertain. 

Section  Q,— Of  Fly  Wheda. 

52,  Peri«diciri  FlMi«ui«as  m£  Speed  in  a  machine  (A,  M.,  689) 
are  caused  by  the  alternate  excess  and  deficiency  of  the  energy 
exerted  above  the  work  performed  in  overcoming  resisting  forces, 
which  produce  an  alternate  increase  and  diminution  of  actual 
energy,  according  to  the  law  explained  in  Article  30. 

To  determine  the  greatest  fluctuations  of  speed  in  a  machine 
moving  periodically,  take  ABC,  in  fig.   19,  <>  k: 

to  represent  the  motion  of  the  driving  point  ^((^^~^^^  \i 
during  one  period ;  let  the  effort  P  of  the  r^"=r  ^^-.^^ 
prime  mover  at  each  instant  be  represented  by 

the  ordinate  of  the  curve  D  G  E I  F ;  and  let  .  

the  sum  of  the  resistances,  i^educed  to  the      ^       ^  ^  ^ 

driving  point  as  in  Article  9,  at  each  instant,  ^^6-  ^^• 

be  denoted  by  E,  and  represented  by  the  ordinate  of  the  curve 
D  H  E  K  F,  which  cuts  the  former  curve  at  the  ordinates  A  D, 
BE,  C  F.     Then  the  integral— 


j(p^n)ds, 


being  taken  for  any  part  of  the  motion,  gives  the  excess  or  defi- 
ciency of  energy,  according  as  it  is  positive  or  negative.  For  the 
entire  period  ABC  this  integral  is  nothing.  For  A  B,  it  denotes 
an  excess  of  energy  received ,  represented  by  the  area  D  G  E  H ;  and 
for  B  C,  an  equal  excess  of  work  'performed^  represented  by  the  equal 
area  E  K  F  I.     Let  those  equal  quantities  be  each  represented  by 


.(2.) 


(3.) 
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A  K  Then  the  actual  energy  of  the  machine  attains  a  maximum 
value  at  B,  and  a  minimum  value  at  A  and  C,  and  A  E  is  the 
difference  of  those  values. 

Now  let  v^  be  the  mean  velocity,  v.  the  greatest  velocity,  Vg  the 
least  velocity  of  the  driving  point,  and  2  •  n^  W  the  f^uc^  inertia 
of  the  machine  (see  Article  15);  then 

^•2-«»W=aE; (1.) 

which,  being  divided  by  the  meom  actiutl  energy — 

2g 
gives 

t4    "'%' 

and  observing  that  v^  =  {y^  +  v^  -^  2,  we  find 
Vi-t?2  _  :?L? ^  A  E 

"  vo    —  aE.^vjs-w^w' 

a  ratio  which  may  be  called  the  co-efficient  o/JhicttuUion  of  speed  or 
of  tmsteadineas. 

The  ratio  of  the  periodical  excess  and  deficiency  of  enetgy  A  E 

to  the  whole  energy  exerted  in  one  period  or  revolution,   ITdSf 

has  been  determined  by  General  Morin  for  steam  engines  under 

various  circumstances,  and  found  to  be  from  tt;  to  j  for  single 

cylinder  engines.  For  a  pair  of  engines  driving  the  same  shaft, 
with  cranks  at  right  angles  to  each  other,  the  value  of  this  ratio  is 
about  one-fourth,  and  for  three  engines  with  cranks  at  120°,  one- 
twelfbh  of  its  value  for  single  cylinder  engines. 

The  following  table  of  the  ratio  A  E  -t-  IT  da  for  one  revolution 

of  steam  engines  of  different  kinds  is  extracted  and  condensed  from 
Creneral  Morin*s  works : — 

NoN-ExPANSivE  Engines. 
Length  of  connecting  rod        ___ 

Length  of  crank  ~  oo  6  5  4 

aE  ~    (Vda  =         105         -118  125  132 


flt  wheels.  CI 

EzpAKsrvE  Goin)ENSiNO  Engines. 
Connecting  rod  =  crank  X  5. 

Fraction  of   stroke    at )  £         £  £  i  }         J 

which  steam  is  cut  oflj  345678 

aE  -r-  JTds     =      -163     -173     -178      184      189     'ipi 

Expansive  Non-Condensing  Engines. 

Steam  cut  off  at  —  —  -  - 

2345 

A  E  -f-  jTds  =  'ido       '186        '209       '232 

For  double  cylinder  expansive  engines,  the  value  of  the  ratio 
^E  -r   It ds  may  be  taken  as  equal  to  that  for  single  cylinder 

non-expansive  engines. 

For  tools  toorking  at  intervals,  such  as  punching,  slotting,  and 
plate-cutting  machines,  coining  presses,  <fec.,  A  E  is  nearly  equal  to 
the  whole  work  performed  at  each  operation. 

53.  Fly  Wkccis  {A,  M,,  690). — A  fly  wheel  is  a  wheel  with  a 
heavy  rim,  whose  great  moment  of  inertia  being  comprehended  in 
the  reduced  moment  of  inertia  of  a  machine,  reduces  the  co-efficient 

of  fluctuation  of  speed  to  a  certain  fixed  amount,  being  about  ^  for 

ordinary  machinery,  and  wv  or  ^  for  machineiy  for  fine  purposes. 
DO       oO 

Let  —  be  the  intended  value  of  the  co-efficient  of  fluctuation  of 
m 
speed,  and  A  E,  as  before,  the  fluctuation  of  energy.  If  this  is  to 
be  provided  for  by  the  moment  of  inertia  I  of  the  fly  wheel  alone, 
let  Oq  be  its  mean  angular  velocity;  then  equation  3  of  Article  52 
is  equivalent  to  the  following: — 

i='il, ' (1.) 

j^m^. ^2  J 

the  second  of  which  equations  gives  the  requisite  moment  of  inertia 
of  the  fly  wheel 

The  fluctuation  of  energy  may  arise  either  from  variations  in  the 
effort  exerted  by  the  prime  mover,  or  from  variations  in  the  resist- 
ance, or  from  both  those  causes  combined.     When  but  one  fly 
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wheel  is  used,  it  should  be  placed  in  as  direct  connection  as  possible 
with  that  part  of  the  mechanism  where  the  greatest  amount  of  the 
fluctuation  originates;  but  when  it  originates  at  two  or  more  points, 
it  is  best  to  have  a  fly  wheel  in  connection  with  each  of  those  points. 

For  example,  let  there  be  a  steam  engine  which  drives  a  shaft 
that  traverses  a  workshop,  having  at  intervals  upon  it  pulleys  for 
driving  various  machine  tools.  The  steam  engine  should  have  a 
fly  wheel  of  its  own,  as  near  as  practicable  to  its  crank,  adapted  to 
that  value  of  a  E  which  is  due  to  the  fliictuations  of  the  eflbrt 
applied  to  the  crank-pin  above  and  below  the  mean  value  of  that 
effort,  and  which  may  be  computed  by  the  aid  of  General  Morin's 
tables,  quoted  in  Article  52 ;  and  each  machine  tool  should  also 
have  a  fly  wheel,  adapted  to  a  value  of  A  E  equal  to  the  whole 
work  performed  by  the  tool  at  one  operation- 

As  the  rim  of  a  fly  wheel  is  usually  heavy  in  comparison  with 
the  arms,  it  is  often  sufficiently  accurate  for  practical  purposes  to 
take  the  moment  of  inertia  as  simply  equal  to  the  weight  of  the 
rim  multiplied  by  the  square  of  the  mean  between  its  outside  and 
inside  radii,  a  calculation  which  may  be  expressed  thus : — 

I  =  Wr2; (3.) 

whence  the  weight  of  the  rim  is  given  by  the  formula — 

_  mgTAE  _  mg^E  ■ 

^  ^     air"     ^      i/*     ' ^^'^ 

if  v'  be  the  velocity  of  the  rim  of  the  fly  wheeL 

The  usual  mean  radius  of  the  fly  wheel  in  steam  engines  is  from 
three  to  Jive  times  the  length  of  the  crank. 

The  ordinary  values  of  the  product  mg,  the  unit  of  time  being 
the  second,  lie  between  1,000  and  2,000  feet. 

The  fly  wheel  of  a  steam  engine  is  often  itself  a  pulley,  used  to 
transmit  motion  to  machinery  by  means  of  a  belt. 

Section  7. — 0/ Regulators  and  Governors  in  General  (A,M,,  693). 

54.  The  Besnlator  of  a  prime  mover  is  some  piece  of  apparatus 
by  which  the  rate  at  which  it  receives  energy  from  the  source  of 
energy  can  be  varied;  such  as  the  sluice  or  valve  which  adjusts  the 
size  of  the  orifice  for  supplying  water  to  a  water  wheel,  the  appara- 
tus for  varying  the  surface  exposed  to  the  wind  by  wind-mill  sails, 
the  throttle  valve  which  adjusts  the  opening  of  the  steam  pipe  of  a 
steam  engine,  and  the  damper  which  controls  the  supply  of  air  to 
its  furnace.  In  prime  movers  whose  speed  and  power  have  to  be 
varied  at  will,  such  as  locomotive  engines,  and  winding  engines  for 
mines,  the  regulator  is  adjusted  by  hand. 
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55.  PeMdalam  CStfreniMs. — In  other  cases,  the  regulator  is  ad- 
justed by  means  of  a  self-acting  apparatus  called  a  governor. 

In  the  most  ordinary  goyemors,  the  principal  part  of  the 
apparatus  consists  of  a  pair  or  set  of  equal  and  similar  revolving 
pendulums  (see  Article  19)  turning  about  one  vertical  axis,  and 
driven  by  a  train  of  mechanism  which  causes  their  angular  velocity 
of  revolution  to  bear  a  fixed  ratio  to  the  velocity  of  the  prime 
mover.  The  rods  of  the  pendulums  place  themselves  at  an  angle 
with  the  vertical  axis,  such  that  the  common  height  of  the  pendulums 
(BC,  fig.  7,  Article  19)  is  that  corresponding  to  the  number  of 
turns  in  a  second,  as  given  by  equation  2  of  that  Article.  Conse- 
quently, in  a  given  governor,  the  cosine  of  that  angle,  B  C  -f-  C  A, 
varies  inversely  as  the  square  root  of  the  speed.  The  i-egulator 
must  be  so  adjusted,  as  to  be  in  the  proper  position  for  supplying 
the  proper  amount  of  power  when  the  pendulum  rods  are  at  the 
angle  of  inclination  corresponding  to  the  proper  speed  of  the 
machine.  When  the  speed  deviates  above  or  below  that  amount, 
the  outward  or  inward  motion  of  the  pendulum  rods  acts  on  the 
r^nlator  so  as  to  open  it  when  the  speed  is  too  low,  and  close  it 
when  the  speed  is  too  high,  either  directly  through  levers  and 
linkwork,  as  in  Watt's  steam  engine  governor,  or  by  throwing  into 
gearing  with  a  revolving  bevel  wheel,  one  or  other  of  a  pair  of 
bevel  wheels  which  move  the  r^ulator  opposite  ways,  as  in  water 
wheel  governors,  or  by  means  of  epicyclic  gearing  moving  the 
regulator  in  a  direction  and  with  a  velocity  depending  on  the 
difference  between  the  velocity  of  a  wheel  driven  with  a  speed 
varying  with  that  of  the  engine,  and  a  wheel  rotating  with  a  con- 
stant speed  along  with  the  set  of  pendulums,  as  in  Mr.  Siemens's 
governor. 

56.  ]iafainc«dl  0«Teni«n, — ^Mr.  Silver^s  governor  consists  of  a 
pair  of  rotating  pendulums,  each  suspended  by  its  centre  of  giuvity 
from  their  common  axis,  to  which  a  pair  of  springs  tend  to  place 
them  parallel  When  made  to  rotate,  the  pendidums  diverge  from 
the  axis  until  the  centrifugal  couple  of  each  (Article  22)  Imlances 
the  statical  moment  of  the  force  exerted  by  the  spring.  This 
governor  is  useful  for  marine  engines,  because  of  its  action  being 
independent  of  the  direction  of  its  axis,  and  of  the  force  of  gravity. 

57.  Faa  o^vemcn. — Mr.  Hick,  Mr.  G.  H.  Smith,  and  others, 
have  invented  governors  in  which  the  greater  or  less  resistance  of 
air  or  of  some  liquid  to  the  motion  of  a  fan  driven  by  the  prime 
mover,  causes  the  adjustment  of  the  opening  of  the  regulator. 

The  details  of  regulators  and  governors  vary  so  much  with  the 
kind  of  prime  mover  to  which  they  are  applied,  that  they  can  be 
described  in  connection  with  special  prime  movers  only. 
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Section  8. — Sivmma/ry  of  the  Principles  of  the  Strength  of  Machines, 

58.  Natpn  aad  ]»iTM«n  •f  the  Sabjcct.  (A.  M.,  244). — The 
present  section  contains  a  very  brief  summaiy  of  the  application  of 
the  principles  of  the  strength  of  materials  to  the  most  simple  quea* 
tions  which  arise  in  designing  machines.  The  rules  are  given 
without  demonstration,  in  as  small  compass  as  possible,  in  order  to 
save  the  necessity  of  referring,  in  ordinary  cases,  to  more  bulky 
treatises ;  and  are  almost  all  abstracted  and  abridged  from  a  treatise 
on  Applied  Mechcmics,  Part  11. ,  Chapter  III. 

The  loctd,  or  combination  of  external  forces,  which  is  applied  to 
any  piece,  moving  or  fixed,  in  a  machine,  produces  stress  amongst 
the  particles  of  that  piece,  being  the  combination  of  forces  which 
they  exert  in  resisting  the  tendency  of  the  load  to  disfigure  and 
break  the  piece,  which  is  accompanied  by  strain,  or  alteration  of 
the  volumes  and  figures  of  the  whole  piece,  and  of  each  of  its  par- 
ticles. If  the  load  is  continually  increased,  it  at  length  produces 
eiiher  fracture,  or  (if  the  material  is  very  tough  and  ductile)  such  a 
disfigurement  of  the  piece  as  is  practically  equivalent  to  fracture^  by 
rendering  the  piece  useless. 

The  ciamate  streagth  of  a  body  is  the  load  required  to  produce 
fracture  in  some  specified  way.  The  iPr—f  Strength  is  the  load 
required  to  produce  the  greatest  strain  of  a  specific  kind  consistent 
with  safety;  that  is,  with  the  retention  of  the  strength  of  the 
material  unimpaired.  A  load  exceeding  the  proof  strength  of  the 
body,  although  it  may  not  produce  instant  fracture,  produces 
fracture  eventually  by  long-continued  application  and  firequent 
repetition. 

The  WorklBg  liMid  on  each  piece  of  a  machine  is  made  less  than 
the  proof  strength  in  a  certain  ratio  determined  by  practical 
experience,  in  order  to  provide  for  unforeseen  contingencies. 

Each  solid  has  as  many  difierent  kinds  of  strength  as  there  are 
different  ways  in  which  it  can  be  strained  or  broken,  as  shown  in 
the  following  classification  : — 

Strain.  Fractore. 

T     ^4^  J-     1  (Extension     Tearing. 

Longitudinal |  Compression CrushSg. 

(  Distortion    Shearing. 

Transverse <  Twisting      Wrenching. 

(  Bending       Breaking  across. 

59.  (A.  M,,  247.)  Facten  ef  Hmfdj  are  of  three  kinds,  viz. : — 
the  ratio  in  which  the  tdtimate  strength  exceeds  the  proof  strength, 
the  ratio  in  which  the  tdtimate  strength  exceeds  the  working  load, 
and  the  ratio  in  which  the  proof  strength  exceeds  the  ivorking  load. 
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The  following  table  gives  examples  of  the  valaes  of  those  factoi-s 
which  occur  in  machines  : — 

UlL  strength.  I  Ult  strength.  Proof  strength. 


Steel  and  wrought  iron, 2 

Wrought  iron  boilers, 2 

Cast  iron, 2  to  3 

Timber;  average, 3 

Stone  and  brick, 2 


Proof  strength.  Working  load. 
4  to  6 


6 

6  to8 
10 
8 


Working  load. 
2  to  3 

3 

2  to  3 

3h 

4 


Almost  all  the  experiments  hitherto  made  on  the  strength  of 
materials  give  the  uUimate  strength  only.  In  using  those  data  for 
the  designing  of  structures  and  machines,  the  most  convenient  pro- 
cesB  of  calculation  is  to  multiply  the  intended  working  load  of  a 
piece  by  the  proper  &ctor,  so  as  to  find  the  breaking  load,  and  to 
make  iJie  ultimate  strength  of  the  piece  equal  to  that  breaking  load 

60.  The  "Pr—i  or  TMtfiv  by  experiment  of  the  strength  of  a 
piece  of  material  is  to  be  conducted  in  two  different  ways,  accord- 
ing to  the  object  in  view. 

L  K  the  piece  is  to  be  afterwards  used,  the  testing  load  must  be 
so  limited  that  there  shall  be  no  possibility  of  its  impairing  the 
strength  of  the  piece;  that  is,  it  must  not  exceed  the  proof  strength, 
being  from  one-third  to  one-half  of  the  ultimate  strength.  About 
double  of  the  working  load  is  in  general  sufficient.  Care  should 
be  taken  to  avoid  vibrations  and  shocks  when  the  testing  load 
approaches  near  to  the  proof  strengtL 

II.  If  the  piece  is  to  be  sacrificed  for  the  sake  of  ascertaining  the 
strength  of  the  material,  the  load  is  to  be  increased  by  degrees 
until  the  piece  breaks,  care  being  taken,  especially  when  the  break- 
ing point  is  approached,  to  increase  the  losA  by  small  quantities  at 
a  time,  so  as  to  get  a  sufficiently  precise  result. 

The  proof  sbrengik  requires  much  more  time  and  trouble  for  its 
determination  thim  the  ultimate  strength.  One  mode  of  approxi- 
mating to  the  proof  strength  of  a  piece  is  to  apply  a  moderate  load 
and  remove  it,  apply  the  same  load  again  and  remove  it,  two  or 
three  times  in  succession,  observing  at  each  time  of  application  of 
the  load,  the  strain,  or  alteration  of  figure  of  the  piece  when  loaded, 
by  stretching,  compression,  bending,  distortion,  or  twisting,  as  the 
case  may  be.  K  that  alteration  does  not  sensibly  increase  by  re- 
peated applications  of  the  same  load,  the  load  is  within  the  limit 
of  proof  strength.  The  effects  of  a  greater  and  a  greater  load  being 
successively  tested  in  the  same  way,  a  load  will  at  length  be 
reached  whose  successive  applications  produce  increasing  disfigure- 
ments of  the  piece;  and  tins  load  will  be  greater  than  the  proof 
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strength,  which  will  lie  between  the  last  load  and  the  last  load  but 
one  in  the  series  of  experiments. 

It  was  fonneriy  supposed  that  the  production  of  a  set,  that  is,  a 
disfigurement  wluch  continues  after  the  removal  of  the  load,  was  a 
test  of  the  proof  strength  being  exceeded;  but  Mr.  Hodgkinson 
showed  that  supposition  to  be  erroneous,  by  proving  that  in 
most  materials  a  set  is  produced  by  almost  any  load,  how  small 
soever. 

The  strength  of  bars  and  beams  to  resist  breaking  across,  and  of 
axles  to  resist  twisting,  can  be  tested  by  the  application  of  known 
weights  either  directly  or  through  a  lever. 

To  test  the  tenacity  of  rods,  chains,  and  ropes,  and  the  resist- 
ance of  pillars  to  crushing,  more  powerful  and  complex  mechanism 
is  required.  The  apparatus  most  commonly  employed  is  the 
hydraulic  press.  In  computing  the  stress  which  it  produces,  no 
i*eliance  ought  to  be  placed  on  the  load  on  the  safety  valve,  or  on 
a  weight  hung  to  the  pump  handle,  as  indicating  the  intensity  of 
the  pressure,  which  should  be  ascertained  by  means  of  Bourdon's 
gauge.  This  remark  applies  also  to  the  proving  of  boilers  by 
water  pressure. 

From  experiments  made  by  Messrs.  More  of  Glasgow,  and  by 
the  Author,  it  appears,  that  in  experiments  on  the  tension  and 
compression  of  bars,  about  one-teTUh  should  be  deducted  from  the 
pressure  in  the  hydraulic  press  for  the  friction  of  the  press  plunger. 

The  measurement  of  tension  and  compression  by  means  of  the 
hydraulic  press  is  but  a  rough  approximation  at  the  best  It  may 
be  sufficient  for  an  immediate  practical  purpose ;  but  for  the  exact 
determination  of  geneiul  laws,  although  the  load  may  be  applied 
at  one  end  of  the  piece  to  be  tested  by  means  of  a  hydraulic  press, 
it  ought  to  be  resisted  and  measured  at  the  other  end  by  means  of 
a  combination  of  levers  such  as  that  used  at  Woolwich  Dockyard, 
and  described  by  Mr.  Barlow, 

61.  Teaaeity  {A.  Jf.,  265,  268,  269).— The  ultimate  strength 
or  breaking  loa&  of  a  bar  exposed  to  direct  and  uniform  tension  is 
the  product  of  the  area  of  cross-section  of  the  bar  into  the  tenacity 
of  the  material.     Therefore,  let 

P  denote  Hhe  breaking  load,  in  pounds ; 

S  the  area  of  section,  in  square  inches ; 

/the  tenacity,  in  pounds  on  the  square  inch ;  then 

P=/S;    S=| (1.) 

The  following  are  some  of  the  most  useful  values  of  the  tenacity 
of  materials  used  in  machineiy,  in  lbs.  on  the  square  inch : — 


TENACTTT — BOWEBS  Am>  PIPES. 


Metals. 

Bronze  or  gun  metal  (copper  8,  tin  i), 36,000 

Copper,  cast, 19,000 

„       sheet, 30,000 

„       bolts, 36,000 

„       wire, 60,000 

Iron,  cast,  yarious  qualities, 13^400  to  29,000 

„        „     average  British, about  16,500 

Iron,  malleable:  boilerplates, 51,000 

„  „  bars,  rods,  and  bolts,... 60,000  to  70,000 

„  „  wire, 70,000  to  100,000 

Steel, 100,000  to  130,000 

Timber. 

Ash, 17,000 

Fir  and  pine, 12,000  to  I4,oqo 

Oak, 10,000  to  19,800 

Teak,  Indian, , 15,000 

Miscellaneous. 

Hempen  cables, 5,6oo 

Iron  wire  ropes,  per  aqiiare  inch  o/iron, 90,000 

„  „      per  pound  toeigJU  to  the  fcUhom, 49480 

Leathern  belts,  toorking  tendon, 285 

62.  OrUadrical  ]»«il«ni  and  PiFca. — Let  r  denote  the  radius  of  a 
thin  hollow  cylinder,  such  as  the  shell  of  a  high  pressure  boiler ; 

t  the  thickness  of  the  shell ; 

/the  tenacity  of  the  material,  in  pounds  per  square  inch ; 

p  the  intensity  of  the  pressure,  in  pounds  per  square  inch,  re- 
quired to  burst  the  shell.  This  ought  to  be  taken  at  six  times  the 
effective  working  pressure — effective  pressure  meaning  the  excess  of 
ihe  pressure  from  within  above  the  pressure  from  without,  which 
last  is  usually  the  atmospheric  pressure,  of  14-7  lbs.  on  the  square 
inch  or  thereabouts.    . 

Then 

.=4' ■ <'•) 

and  the  proper  proportion  of  thickness  to  radius  is  given  by  the 
formula — 


^  =  f (2.) 

r     f 
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The  tenacity  of  good  wrought  iron  boiler  plates  has  been  stated 
as  51,000  lbs.  per  square  inch.  That  of  a  double  rivetted  joint, 
per  squa/re  inch  of  the  iron  left  hdween  the  rivet  holes ,  is  the  same ; 
that  of  a  single  rivetted  joint  somewhat  less,  as  the  tension  is  not 
uniformly  distributed  It  is  convenient  in  practice  to  state  the 
tenacity  of  rivetted  joints  in  lbs.  per  square  inch  of  the  entivre  pkUe; 
and  it  is  so  stated  in  the  annexed  table,  in  which  the  results  for 
rivetted  joints  are  from  the  expeiiments  of  Mr.  Fairbaim,  and 
that  for  a  welded  joint  from  an  experiment  by  Mr.  Dunn.  The 
joints  of  plate  iron  boilers  are  single  rivetted ;  but  from  the  man- 
ner in  which  the  plates  break  joint,  analogous  to  the  bond  in 
masonry,  the  tenacity  of  such  boilers  is  considered  to  approach 
more  nearly  to  that  of  a  double  rivetted  joint  than  that  of  a  single 
rivetted  joint 

Wrought  iron  plate  joints,  double  rivetted,  the  dia- 
meter of  each  hole  being  ^^  of  the  distaiice  from 

centre  to  centre  of  holes, 35>7o<> 

Wrought  iron  plate  joints,  single  rivetted, 28,600 

Wrought  iron  boiler  shells,  with  single  rivetted  joints 

properly  crossed, 34>ooo 

Wrought  iron  retort,  with  a  welded  joint, 3o>7  5^ 

Cast   iron   boilers,   cylinders,    and   pipes  (average 

British  iron), • 16,500 


63.  Spkcricai  Shelly  such  as  the  ends  of  "  egg-ended'*  cylindrical 
boilers,  the  tops  of  steam  domes,  Ac.,  are  tvnce  as  strong  as  cylin- 
drical shells  of  the  same  radius  and  thickness. 

Suppose  a  shell  of  the  figure  of  a  segment  of  a  sphere  to  have  a 
circular  flange  round  its  base,  through  which  it  is  bolted  to  a  flange 
upon  a  cylindrical  shell,  or  upon  another  spherical  shell. 

Let  r  denote  the  radius  of  the  sphere,  in  inches ; 

/,  the  radius  of  the  circular  base  of  the  segmental  shell,  in  inches  ; 

p,  the  bursting  pressure,  in  lbs.  on  the  square  inch ; 
then  the  number  and  dimensions  of  the  bolts  by  which  the  flange 
is  held  should  be  such,  that  the  load  required  to  tear  them  asunder 
all  at  once  shall  be 

31416  7*^^; (1.) 

and  the  flange  itself  should  require,  in  order  to  crush  it,  the  follow- 
ing thrust  in  the  direction  of  a  tangent  to  it : — 

^pr-'/i^^^ (2) 

If  the  segment  is  a  complete  hemisphere,  r*  =  r,  and  the  last 
expression  becomes  =  0. 
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Besistanoe  to  a  crushing  force  will  be  considered  farther  on. 

64.   TMck  ii«u«w  CritaJer  {A.  M,;  273). — The  assumption  that 
the  tension  in  a  hoUow  cylinder  is  uniformly 
distributed  throughout  the  thickness  of  the  shell 
is  approximately  true  only  when  the  thickness 
i9  small  as  compared  with  the  radius. 

Let  R  represent  the  external  and  r  the  in- 
ternal radius  of  a  thick  hollow  cylinder,  such  as 
a  hydraulic  press,  the  tenacity  of  whose  material 
isfy  and  whose  bursting  pressure  is  p.    Then  we  Fig.  20. 

must  have 


and,  consequently, 


R2  -  rg      p 


.(1.) 


?V(^)^ ■• w 

by  means  of  which  formula,  when  r,^  and  p  are  given,  R  may  be 
computed. 

6d.  Thick  H«iWw  Si^hcm  {A.  if.,  275). — In  this  case,  using 
the  same  symbols  as  in  the  last  Article,  the  following  formulse  give 
the  ratios  of  the  bursting  pressure  to  the  tenacity,  and  of  the 
external  to  the  internal  radius  : — 


p      2  R»  -  2  r» 


(1.) 


/~    R»  +  2r»   ' 

?=A7e^) « 

66.  Boiler  fltsyv  {A.  M,,  276). — The  sides  of  locomotive  fire- 
boxes, the  ends  of  cylindrical  boilers,  and  the  sides  of  boilers  of 
irregular  figures  like  those  of  marine  steam  engines,  are  often  made 
of  &t  plates,  which  are  fitted  to  resist  the  pressure  r — > 

from  within  by  being  connected  together  across  the     °     °     ^  L^i 
water-space  gr  steam-space  between  them  by  tie-     o     o     o     a 
bars,  called  stays  when  long,  bolts  when  short.  ^    ^ 

For  example,  fig.  21  represents  part  of  the  flat  side 
of  a  locomotive  fire-box,  and  idiows  the  arrange-     o     o     o    o 
ment  of  the  bolts  by  which  it  is  tied  to  the  flat         Fig.  21. 
plate  at  the  other  side  of  the  water-space. 

Each  of  these  bolts  or  stays  sustains  the  pressure  of  the  steam 
against  a  certain  area  of  the  plate  to  which  it  is  attached.  Thus, 
in  fig.  21,  the  bolt  a  resists  the  pressure  of  the  steam  on  the  square 
area  which  surrounds  it,  and  whose  side  is  equal  to  the  distance 
from  centre  to  centre  of  the  bolto. 
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Let  a  be  the  sectional  area  of  a  stay;  A,  that  of  the  portion  of 
flat  plate  which  it  holds ;  p,  the  bursting  pressurey  and/  the  tenacity 
of  the  material  of  the  stay.     Then 

«  p^ 

a  =  -^ 

Experience  has  shown,  that  the  plate,  if  its  material  is  as  strong 
aj9  that  of  the  stay,  should  have  its  thickness  equal  to  half  tlie 
diam^er  of  the  stay.  If  the  plate  be  of  a  weaker  material  than  the 
stay,  its  thickness  should  be  proportionally  inci^eased. 

The  flat  ends  of  cylindrical  boilers  are  sometimes  stayed  to  the 
cylindrical  sides  by  means  of  triangular  plates  of  iron  called  "  gua- 
gets.^*  These  plates  are  placed  in  planes  radiating  from  the  axis  of 
the  boiler,  and  have  one  edge  fixed  to  the  flat  end,  and.  the  other 
to  the  cylindrical  body.  Each  gusset  sustains  the  pressure  of  the 
steam  against  a  sector  of  the  flat  circular  end.  Considering  that 
the  resultant  tension  of  a  gusset  must  be  concentrated  near  one 
edge,  it  appears  advisable  that  its  sectional  area  should  be  three  or 
four  times  that  of  a  stay  bar  suited  for  sustaining  the  pressure  on 
the  same  area. 

The  best  experimental  data  respecting  the  strength  of  boilers  are 
due  to  the  researches  of  Mr.  Fairbaim,  especially  those  recorded  in 
his  work  called  Useful  Information  for  Engineers, 

67.  Crlindrtcai  Flncik — When  a  thin  hollow  cylinder,  such  as  an 
internal  boiler  flue,  is  pressed  from  without,  it  gives  way  by 
collapsing,  under  a  pressure  whose  intensity  has  been  found  by 
Mr.  Fairbaim  {FhHos,  Trans,,  1858)  to  vary  nearly  according  to 
the  following  laws  : — 

Inversely  as  the  length ; 

Inversely  as  the  diameter ;    • 

Inversely  as  a  function  of  the  thickness,  which  is  very  nearly 
the  power  whose  index  is  2-19;  but  which  for  ordinaiy  practical 
purposes  may  be  treated  as  sensibly  equal  to  the  sqwa/re  of  the 
thickness. 

The  following  formula  gives  approximately  the  coUapsvng  pressure 
p,  in  lbs.  on  the  square  inch,  of  a  plate  iron  flue,  whose  length  I, 
diameter  d,  and  thickness  t,  are  all  expressed  in  the  same  units  of 
measv/re : — 

p  =  9,672,000^ (1.) 

Let  t  and  d  be  expressed  in  inches,  and  let  L  be  the  length  in 
feet;  the  above  formula  becomes 


p  =  806,000  j^-^ (2.) 
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As  the  resistance,  of  flues  to  collapse  depends  very  much  on  their 
being  exactly  cylindrical,  Mr.  Fairbaim  recommends  that  they 
Hhoidd  be  made,  not  witi  lap  joints,  like  boiler  shells,  but  with 
butt  joints  and  covering  strips. 

Mr.  Fairbaim  having  strengthened  tubes  by  rivetting  round 
them  rings  of  T-iron,  or  angle  iron,  at  equal  distances  apai't,  finds 
that  tlieir  strength  is  that  corresponding  to.  the  length  from  ring  to 
ring.  Safety  requires  that  the  collapsing  pressure  of  a  flue  should 
be  the  same  with  the  bursting  pressure  of  the  boiler  shell  in  which 
it  is  contained;  and  for  other  reasons  it  is  desirable  that  the  plates 
of  the  flue  should  be  of  the  same  thickness  with  those  of  the  shell. 
The  thickness  of  the  shell  having  been  adapted  to  a  given  bursting 
pressure  by  the  formula  of  Article  62,  and  the  same  thickness  having 
Ijeen  assumed  for  the  flue,  its  collapsing  pressure  is  to  be  computed 
by  the  formuke  1  or  2  of  this  Article,  putting  for  ^  or  L  the  whole 
length  of  the  boiler.  Should  the  collapsing  pressure  so  calculated 
prove  less  than  the  bursting  pressure  of  the  shell,  let  n  be  either 
the  ratio 

bursting  pressure 
collapsing  pressure' 

if  that  is  a  whole  number,  or  the  nearest  whole  number  exceeding 
that  ratio,  if  it  is  fractional ;  then  n  —  \  rings  are  to  be  rivetted 
round  the  flue,  so  as  to  divide  its  length  into  n  equal  divisions ; 
when  it  will  become  as  nearly  as  possible  of  the  same  strength  with 
the  shell 

^S,  BiUi^cical  FiMCik — Mr.  Fairbaim  finds  that  the  collapsing 
pressure  of  a  flue  of  an  elliptic  form  of  cross-section  is  found 
approximately  by  substituting  in  the  formulae  of  the  preceding 
Article,  for  dy  the  diameter  of  the  osculating  circle  at  the  flattest 
part  of  the  ellipse;  that  is,  let  a  be  the  greater,  and  h  the  less 
ftemi-ctxis  of  the  ellipse;  then  we  are  to  make 

,      2a2 

69.     Whfwriwg  F«fC«  mi  WUjm^  Ptaa,    Balls,  BItcIs,  Jfec    {A,  M., 

280). — In  machines,  cases  occur  in  which  the  principal  pieces,  such 
as  plates,  links,  or  bars,  being  themselves  subjected  to  a  direct 
pull,  are  connected  with  each  other  at  their  joints  by  fastenings, 
such  as  rivets,  bolts,  pins,  screws,  cotters,  or  keys,*  which  are  under 
the  action  of  a  shearing  force.  It  is  in  every  such  case  important, 
that  the  pieces  connected  and  their  fastenings  should  be  of  equal 
strength. 

Let  y  denote  the  resistance  per  square  inch  of  the  material  of  the 
principal  pieces  to  tearing;  S,  the  total  sectional  area,  whether  of 
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one  piece  or  of  two  or  more  parallel  pieces,  which  must  be  torn 
asunder  in  order  that  the  structure  may  be  destroyed;  /*,  the 
resistance  per  square  inch  of  the  material  of  the  fastenings  to 
shearing;  S',  the  total  sectional  area  of  fieustenings  at  one  joints 
which  must  be  sheared  across  in  order  that  the  connection  may  be 
destroyed;  then  the  principal  pieces  and  their  fastenings  ought  to 
be  so  proportioned,  that 

/S=/'S';or|  =  ^ (1.) 

For  wrought  iron  rivetted  plates,  taking  the  value  of/'  as  deter- 
mined by  the  experiments  of  Mr.  Doyne,  we  have 

•^=  1  nearly,  and  .-.  S'  =  S (2.) 

For  wrought  iron  bars  connected  by  bolts  or  rivets,  we  have 

^  =  I  nearly,  and  .-.  S'  =  ®  S (3.) 

The  following  are  the  resistances  of  some  materials  to  shearing, 
in  pounds  on  the  square  inch  : — 

Cast  iron, Sa^Soo 

Wrought  iron 50,000 

Fir  and  pine, 500  to  800 

Oak, 2,300 

70.  Rc«iMi«e«  f  i»irBct  Onuhtas  (A.  M.,  282-4,  286).— The 
formulae  of  this  Article  have  reference  to  direct  crushing  only,  and 
ai*e  limited  in  their  application  to  those  cases  in  which  the  pillars, 
blocks,  struts,  or  rods,  along  which  the  pressure  acts  are  not  so 
long  in  proportion  to  their  diameter  as  to  have  a  sensible  tendency 
to  give  way  by  bending  sideways.     Those  cases  comprehend — 

Stone  and  brick  pillars  and  blocks  of  ordinary  proportions ; 

Pillars,  rods,  and  struts  of  cast  iron,  in  which  the  length  is  not 
more  than  live  times  the  diameter,  approximately ; 

Pillars,  i-ods,  and  struts  of  wrought  iron,  in  which  the  length  is 
not  more  than  ten  times  the  diameter,  approximately; 

Pillars,  rods,  and  struts  of  dry  timber,  in  which  the  length  is  not 
more  than  about  twenty  times  the  diameter. 

Let  P  denote  the  crushing  load  of  the  piece ; 

S  the  area  of  its  tranverse  section  in  square  inches ; 

/the  resistance  of  the  material  to  crushing,  in  lbs.  on  the  square 
inch;  then  p 

^=7 
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in  Ibe.  on  the  sqnare  ucb. 

Brick,  red, 550  to  1,100 

Fire  brick, i^Too 

Granite, 5,5oo  to  11,000 

Limestone, 4,000  to  4,500 

Sandstone, 2,200  to  5,500 

Rubble  masonry, iV  of  cut  stone. 

Cast  brass, 10,300 

Cast  iron, 82,000  to  145,000 

„      „     average, 112,000 

Wrought  iron, about  36,000  to  40,000 

Ash  (dry,  along  the  grain), 9,000 

Oak,  elm,      „  „         io,oob 

Fir,  pine,       „  „         5,400  to  6,200 

Teak,  Indian,  „         12,000 

The  resistance  of  timber  to  crushing,  while  green,  is  about  one- 
half  of  its  resistance  after  having  been  dried. 

71.  Bcdataace  m£  Irmi  VLm&m  umA  Pill»n  t*  CrMhlas  ^7  ^eaM!km% 

{A,  if.,  327-335). — Pillars  and  struts  whose  lengths  exceed  their 
diameters  in  considerable  proportions  (as  is  almost  alwa3rs  the  case 
with  those  of  timber  and  metalV  give  way,  not  by  direct  crushing, 
but  by  bending  sideways  and  oreaking  across — ^being  crushed  at 
one  side  and  torn  asunder  at  the  other. 

Let  P  be  tlie  crushing  load  of  a  long  rod  or  pillar,  in  lbs. ; 

S  the  sectional  area  of  material  in  it,  in  square  inches  ; 

A,  ite  Seitemal  diiuneter. }  ^*^  ™  *'»«  «^«  "^^  «f  "'««^- 
Then,  approximately — 

1*=-^ (1) 

The  following  are  the  values  oi  f  and  a,  as  computed  by  Mr. 
Grordou  from  Mr.  Hodgkilison*s  experiments  on  pillars  fixed  at 
BOTH  ENDS,  by  having  flat  capitals  and  bases : — 

f,  lb«.  per  inch.  a. 

Wrought  iron, 36,000  .. 


3>ooo 


Ca5t  iron, 80,000  - — . 

'  400 

A  pillar  or  rod  bounded  ob  jointed  at  both  ends  is  as  flexible 
*a8  a  pillar  of  the  same  diameter,  fixed  at  both  ends,  and  of  double 
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the  length,  and  its  strength  is  nearly  the  same.  Hence,  for  such 
pillars — 

P  =  -^. (2.) 

Mr.  Hodgkinson  found  the  strength  of  a  pillar, /a:erf  at  one  end  and 
rounded  at  the  other  to  be  a  mean  between  the  strengths  of  two 
pillars  of  the  same  length  and  diameter,  one  fixed  at  both  ends,  and 
the  other  rounded  at  both  ends. 

In  using  the  formulae,  the  ratio  -j-  is  generally  fixed  beforehand, 

to  a  d^ree  of  approximation  sufficient  for  the  purposes  of  the  cal- 
culation. 

CoNNECTiNO  EODS  of  double  acting  steamfi  engines  are  to  be  con- 
sidered as  in  the  condition  of  pillars  rounded  at  both  ends ;  piston 
RODS,  as  in  the  condition  of  pillars  fixed  at  one  end  and  rounded  at 
the  other. 

The  piston  rods  of  single  acting  steam  engines  are  exposed  to 
tension  only. 

In  wrought  iron  framework  and  machinery,  the  bars  which  act 
as  struts,  in  order  that  they  may  have  sufficient  stifihess,  are  made 
of  various  forms  in  ci-oss-section,  well  known  as  "  angle  iron," 
"channel  iron,"  "  T-iron,"  "  double  T-iron,"  «fec.  In  each  of  these 
forms,  the  line  to  be  considered  as  represented  by  h  in  the  formulae 
is  the  diameter  in  that  direction  in  which  the  bar  is  most  flexible 
of  a  triangle  or  rectangle  circumscribed  about  its  section. 

WrouglU  iron  cells  are  rectangular  tubes  (generally  square) 
usually  composed  of  foiu:  plate  iron  sides,  rivetted  to  angle  iron 
bars  at  the  corners.  The  ultimate  resistance  of  a  single  square  cell 
to  crushing  by  the  buckling  or  bending  of  its  sides,  when  the  thick- 
ness of  the  plates  is  not  less  than  one-thirtieth  of  the  diameter  ofilve 
cell,  as  determined  by  Mr.  Faii'baim  and  Mr.  Hodgkinson,  is 

27,000  lbs.  per  square  inch  eection  of  iron ; 

but  when  a  number  of  cells  exist  side  by  side,  their  stifihess  is 
increased,  and  their  ultimate  resistance  to  a  thrust  may  be  taken  at 

33,000  to  36,000  lbs.  per  square  inch  section  of  iron. 

The  latter  co-efficients  apply  also  to  cylindrical  cella 

72.  fNMB«ai  of  TlmlMr  PmIs,  Strata,  and  Couneeam^  Rods. — The 

following  formula  is  given  on  the  authority  of  Mr.  Hodgkinson's 
experiments,  for  the  tUtiniate  resistance  of  posts  of  oak  and  red  pine 
to  crushing  by  bending : — 


timber  posts  asd  bods — beama  /^ 

P  =  aJ*S; (1.) 

S  being  the  sectional  area  in  square  inches,  h :  I  the  ratio  of  the 
least  diameter  to  the  length,  and  A  =  3,000,000  lbs.  per  square 
inch. 

The  factor  of  safety  for  the  working  load  of  timber  is  10. 

For  square  posts  and  struts,  the  formula  becomes 

P  =  A^ (2.) 

If  the  strength  of  a  timber  post  be  computed  both  by  this  for- 
mula and  by  the  formula  for  direct  crushing,  viz. : — 

P=/S, (3.) 

the  lesser  value  should  be  adopted  as  the  true  strength. 

Timber  connecting  rods  for  steam  engines,  being  iu  the  condition 
of  pillars  jointed  at  both  ends,  are  of  the  same  strength  with  fixed 
pillars  of  double  Ut^  length, 

73.  Besiataac«  f  Cwm  BreftkiMg. — The  formulse  of  this  Article 
are  applicable  not  only  to  beams  for  supporting  weights,  but  to 
levers,  cross-heads,  cross-tails,  axles,  journals,  cranks,  and  all  pieces 
in  machinery  or  framework  to  which  forces  ai'e  applied  tending  to 
break  them  acrosa 

The  tendency  of  a  force  to  bend  or  break  a  beam  is  called  the 
rnoment  of  flexure.  It  is  the  product  of  the  magnitvde  of  the  force 
into  its  leverage — ^that  is,  into  the  perpendicular  distance  from  the 
line  of  action  of  the  force  to  the  place  where  the  beam  will  soonest 
give  way. 

When  the  load  is  distributed  over  a  finite  length  of  the  beam, 
the  leverage  of  its  resultant  is  to  be  taken. 

The  place  where  the  beam  will  soonest  give  way  is — 

In  a  beam  fixed  at  one  end  and  free  at  the  other,  the  boundary 
between  the  fixed  and  free  parts  ; 

In  a  beam  supported  at  both  ends  and  loaded  at  any  intermedi- 
ate point,  or  supported  at  any  intermediate  point  and  loaded  at  the 
ends,  the  intermediate  point; 

In  a  beam  supported  at  both  ends,  with  an  uniformly  distributed 
load,  the  middle  of  the  beam. 

The  magnitude  of  the  load  is  most  ccmveniently  expressed  in 
pounds,  and  the  leverage  in  inches;  so  that  the  moment  offletcure 
inay  be  said  to  be  expressed  in  inch-pounds. 

In  the  following  formuke,  W  denotes  the  total  load,  in  pounds; 

Cf  in  beams  fixed  at  one  end  and  fr-ee  at  the  other,  the  length  of 
the  free  part,  in  inches ; 
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Cf  in  beams  either  loaded  or  supported  at  both  ends,  the  half 
spauy  between  the  extreme  points  of  load  or  support  and  the  middle, 
in  inches ; 

M,  the  moment  of  flexure  in  inch-pounds. 


For  beams 


fixed  at  one  end  and  loaded  ) 
at  the  other, j 

fixed  at  one  end  and  uni- 
formly loaded, 

supported  at  both  ends  and 
loaded  at  an  intermediate 
point,  whose  distance  from 
the  middle  of  the  beam  is  a;, 


M  =  cW. 


.(1.) 


::} 


M=qr. 


M  = 


{<^-a«)W 


2e 


(3.) 


supported  at  both  ends  and )    /__n\ .  \r_*'       a.  \ 
leaded  in  the  middle, /  ^*-"^'  ^—^•y^f 

(5.) 


supported  at  both  ends  and  ) 
uniformly  loaded, / 


If  W  be  the  intended  breaking  load  of  the  piece,  found  by  mul- 
tiplying the  working  load  by  a  proper  factor  of  safety,  M  will  be 
the  momerU  ofrv/piwre^  to  which  the  reaiBtanoe  to  rupture  at  the 
place  where  the  tendency  to  break  is  greatest  must  be  made  equal. 

That  resistance  is  given  by  the  formula — 

U==nfbh^ (6.) 

in  which 

b  denotes  the  extreme  breadth  of  the  piece,  in  inches; 

h  its  extreme  depth,  in  inches; 

/  a  factor  depending  on  the  material,  called  the  modtdue  of  rup- 
ture, in  pounds  on  the  square  inch ; 

n  a  factor  depending  on  the  figure  of  the  cross-section. 

M  having  been  computed  from  the  breaking  load  and  its  lever- 
age, and  /and  n  being  known,  the  scaling  or  transverse  dimen- 
sions of  the  beam  are  to  be  such  that 


bh^=z 


M 


.(7.) 


It  is  obvious  that  the  breadth  and  depth  msty  be  varied,  and  still 
give  the  product  b  h^  the  same  value;  but  there  are  limits  to  that 
variation  founded  on  considerations  of  stiffness  and  stability,  which 
make  it  desirable  that  in  most  cases  h  should  not  greatly  differ 
from  on^fawrteerUh  of  the  span,  unless  there  be  specud  reasons  to 
the  contrary. 
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The  following  table  gives  examples  of  the  values  of  the  &ctor  n 
for  some  of  the  more  usual  forms  of  cross-section : — 

L  Bectangle  hh  (including  square), ^• 

II.  EUipse,  vertical  axis  A,  horizontal  axis  5, )       1    A.ftqQo 

(including  circle,  for  which  6  =  A,). J     io-2  ""  ' 

IIL  Hollow  rectangle,  hh  —  h'K\  also  I-formed  )  i  /  ft'  h"^ 
section,  where  U  is  the  sum  of  the  >  -  (Ittf)- 
breadths  of  the  lateral  hoUows, j     ^   ^       ^'^^ 

IV.  Hollow  square,  A2./,'2 |.(^l_^j. 

V.  Hollow elHpee, mi^^^' 

VI.  Hollow  circle, ^  {iJ^^. 


Modulus  of  Ruftcbb,  in  Lsa  on  the  Sqxtabe  Inch. 

/ 

Wrought  iron,  plate  beams, 42,000 

„  „       bars  and  axles, 54,000 

Cast  iron, ^8,750  +  23,000—, 

h 

(where  H  is  the  dq[>(h  of  solid  metal  in  the  section  of  the 

beam,  and  h  the  extreme  dep^) 

Ash, 12,000  to  14,000 

Fir,  pine, 7,000  to  12,300 

Larch, 5,000  to  10,000 

Oak,  British,  Russian,  and  American, 10,000  to  1 3,600 

Teak, 14,800 

The  modulus  of  rupture  is  eighteen  times  the  load  required  to 
break  a  bar,  one  inch  square,  supported  at  two  points,  one  foot 
apart,  by  being  applied  in  the  middle  of  the  bar. 

The  section  for  cast  iron  beams  first  proposed  by  Mr.  Hodgkin- 
son,  in  consequence  of  his  discovery  of  the  fact,  that  the  resistance 
of  cast  iron  to  direct  crushing  is  more  than  six  times  its  resistance 
to  tearing,  consists,  as  in  fig.  22,  of  a  lower  flange  B,  an  upper 
flange  A,  and  a  vertical  web  connecting  them.  The  sectional  area 
of  t^e  lower  flange,  which  is  subjected  to  tension,  is  nearly  six 
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times  that  of  the  upper  flange,  which  is  subjected  to  thrust  In 
order  that  the  beam,  when  cast,  may  not  be  liable  to  crack  from 
unequal  cooling,  the  vertical  web  has  a  thickness 
at  its  lower  side  nearly  equal  to  that  of  the  lower 
flange,  and  at  its  upper  side,  nearly  equal  to  that 
of  the  upper  flange. 

The  tendency  of  beams  of  this  class  to  break  by 
tearing  of  the  lower  flange  is  slightly  greater  than 
the  tendency  to  break  by  crushing  of  the  upper 
flange;  and  their  modulus  of  rupture  is  equal,  or 
nearly  equal,  to  the  dii^ect  tenacity  of  the  iron  of  which  they  are 
made,  being,  on  an  average  of  diflerent  kinds  of  British  iron, 
16,500  lbs.  per  square  inch. 

The  following  foimula  for  the  moment  of  rupture  of  such  beams, 
though  not  strictly  exact,  is  in  general  near  enough  to  the  truth 
for  practical  purposes : — Let  B  be  the  sectional  area  of  the  lower 
flange,  in  square  inches;  M  the  depth  in  inches  from  the  centre  of 
the  upper  flange  to  the  centre  of  the  lower  flange;  then 


M  =  16500A'B.. 


(8.) 

74.  RcaisiaBc«  t*  iFKachiMs. — For  equal  values  of  the  modulus 
of  rupture,  denoted  by^  the  strength  of  a  cylindrical  axle  to  resist 
wrenching  is  double  of  its  strength  to  resist  breaking  across. 

Let  I  denote  the  length,  in  inches,  of  the  lever  (such  as  a  crank), 
at  the  end  of  which  a  wrenching  or  twisting  force  is  applied  to  an 
axle;  let  the  working  load,  in  pounds,  multiplied  by  a  suitable 
factor  of  safety  (usually  six)  be  denoted  by  W ;  then 


W;  =  M. 


(1.) 


is  the  wrenddng  moment,  in  inch-pounds. 

The  following  are  the  formulw  which  serve  to  compute  the 
dimensions  of  axles  whose  resistances  to  wrenching  shall  be  equal 
to  a  given  wrenching  moment : — 

For  a  solid  axle,  let  h  be  its  diameter;  then 


M  = 


i^.„dA=V^ w 


For  a  hollow  axle,  let  h^  be  the  external  -and  A^  the  internal 
diameter;  then 


and 


«_/(At-AJ)_/Af.A     K\. 
51  Ai     ~5-l     y~h\)' 


(3.) 
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which  last  formula  serves  to  compute  the  diameter  of  a  hollow 
axle  when  the  ratio  h^ :  A^  of  its  internal  and  external  diameter  has 
been  fixed. 
The  values  of  the  modulus  of  wrencliing/are — 

For  cast  iron, about  30,000 

For  wrought  iron, „      54,000 

and  taking  six  as  the  factor  of  safety,  if  we  put  the  vxyrkiny 
moment  of  torsion  for  M  in  the  formulae  instead  of  the  ivrenching 
itvomerUy  we  may  put  instead  oif- — 

For  cast  iron, 5,000 

For  wrought  iron, 9,000 

75.  Twistiaiii  SMd  BendlBS  C^mMned  {A,  M.,  325). — One  of 
the  most  important  examples  of  this  is  shown  in  ^g,  23,  which 
represents  a  shaft  having  a  crank  at  one 
end.  At  the  centre  of  the  crank-pin  P  is  ap- 
plied the  pressure  of  the  connecting  rod;  and  at 
the  centre  of  the  bearing  S  acts  the  equal  and 
opposite  resistance  of  that  bearing.  Represent- 
ing the  common  magnitude  of  those  forces  by 
P,  they  form  a  couple  whose  moment  is 

M  =  P  •  SP. 

Draw  S  Q  bisecting  the  angle  P  S  M.     On  S  Q 

let  fall  the  perpendicular  P  Q.    From  Q  let  fall  Fig.  28. 

Q  M  perpendicular  to  S  M. 

Calculate  the  diameter  of  the  shaft  as  if  to  resist  the  bending 
action  of  P  applied  at  M,  and  it  will  be  strong  enough  to  resist  the 
combined  bending  and  twisting  action  of  P  applied  at  the  point 
marked  P. 

To  express  this  symbolically,  taking  the  factor  of  safety  ^.t  6,  let 
W  =  6  P.     Make  the  angle  P  S  M  =  j  j  then 

S-M  =  PS.l±^"^'; 

and  the  diameter  h  of  the  axles  is  to  be  suited  to  the  moment  of 
breaking  across — 

M'==W-SM===W-SP^-^t22?i (1.) 

that  is, 

A=V^ (2.) 
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76.  Teeik  wf  WiMela. — ^The  followiiig  is  Tredgold's  formula  for 
the  thickness  of  'the  cast  iron  teeth  of  wheels,  which  are  to  trans- 
mit the  working  pressure  P. 

Let  that  pressure  be  expressed  in  pounds,  and  the  thickness  h  of 
each  tooth  in  inches;  then 
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Section  9. — Prime  Movers  Classed, 

77.  Prime  movers  are  classed  according  to  the  foims  in  which 
the  energy  that  drives  them  is  first  obtained.     These  are — 

I.  MusculcMT  Power y  applied  by  men  to  machines  and  implements 
of  very  various  kinds, — and  by  beasts,  chiefly  to  overcoming  resist- 
ance by  traction  and  to  carrying  of  burdens. 

II.  The  Weight  and  Motion  of  Fluids,  acting  in  water  pressure 
engines,  water  wheels,  and  other  hydiuulic  engines,  and  in  wind- 
mills. 

III.  Hea>ty  obtained  by  means  of  chemical  combination,  and 
applied  to  the  producing  of  changes  in  the  volume  and  pressure  of 
fluids,  so  as  to  drive  engines,  of  which  the  steam  engine  is  the  chief. 

lY.  Electricitf/,  obtained  originally  by  means  of  chemical  com- 
bination, and  applied  to  the  production  and  alteration  of  magnetic 
force,  so  as  to  c&ive  certain  engines. 

The  division  of  the  remainder  of  this  work  is  founded  on  the 
above  classification. 


PART  I. 

OF  MUSCULAR  POWER. 


CHAPTER  I. 

OSNEBAIi  PRIHGIPLES. 

78.  ifamre  m€  the  Sh^mc — ^Although  it  has  been  shown,  in  a 
jjaper  by  Dr.  Joule  and  the  late  Dr.  Sooresbj  {PhiL  Mctg,,  1846), 
that  imirnAla  acting  as  prime  movers  have  a  higher  efficiency  than  any 
inorganic  machines,  still  the  present  state  of  our  knowl^ige  is  in- 
sufficient to  enable  us  to  frame  a  complete  theory  of  their  cdiiciency. 
We  cannot  determine  with  precision  the  whole  amoimt  of  energy 
which  a  given  animal  developes  in  a  given  time,  so  as  to  compare 
that  amount  with  the  energy  which  can  be  rendered  effective  in 
the  same  time  in  overcoming  mechanical  resistance.  All  that  we 
can  do  is  to  ascertain  by  experiment  and  observation  the  quantities 
of  ^ecHve  energy  exerted  by  different  animals  working  under  dif- 
ferent drcumstances,  and  to  compare  those  quantities  with  each 
other. 

In  the  present  chapter  will  be  stated  some  principles  which  hold 
respecting  the  muscular  power  both  of  men  and  of  beasts.  The 
power  of  men  will  be  considered  specially  in  the  second  chapter, 
and  that  of  beasts  in  the  third. 

79.  The  iNUij  iir«vk  of  an  animal  is  the  product  of  three  quan* 
tities — ^the  renstance  overcome,  the  vdodty  with  which  it  is  over- 
come, and  the  number  of  units  of  time  per  dmf  during  which  work 
is  continued.  It  is  known  that  the  amount  of  the  daily  work 
depends  on  various  circumstances,  of  which  the  principal  are — 

i\,\  The  species  and  race. 

(2.)  The  health,  strength,  activity,  and  disposition  of  the  in- 
dividual 

(3.)  The  abundance  and  quality  of  food  and  air,  the  climate, 
and  other  external  circumstances  affecting  those  mentioned  under 
bead  2. 

The  load,  or  resistance  overooma 
The  velocity. 
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(6.)  The  fraction  of  the  day  employed  in  working. 

(7.)  The  nature  of  the  machine  or  implement  used  in  performing 
the  work.  Thia  cause  affects  men  more  especially,  owing  to  the 
variety  and  complexity  of  the  machines  on  which  they  can  exert 
their  muscular  power.  Beasts  are  made  to  work  almost  exclusively 
in  two  ways — by  traction  and  by  carrying  of  burdens;  so  that 
little  variation  in  the  amount  of  theii'  mechanical  work  arises  from 
the  circumstances  under  the  present  head. 

(8.)  The  practice  and  training  of  the  individual  This  applies 
principally  to  men,  and  in  a  less  degree  to  beasts. 

80.  iMflnence  ^f  I<«iUU  Tel^dt^,  sMd.  Time  ^f  "Wmwikim^  «M  INdly 
w«rk. — It  is  known  that  for  each  individual  animal  there  is  a  cer- 
tain set  of  values  of  the  three  factors  of  the  daily  work  which 
makes  their  product  a  maximum,  and  is  therefore  the  best  for 
economy  of  power,  and  that  any  departure  from  that  set  of  values 
diminishes  the  daily  work.  Various  attempts  have  been  made  to 
represent  the  law  of  that  diminution  by  an  equation,  but  they 
have  succeeded  imperfectly.  The  equation  which  agrees  on  the 
whole  best  with  observation  is  that  of  Maschek,  which  is  as  fol- 
lows : — Let  Rj,  V^,  T^,  represent  respectively  the  resistance,  velo- 
city, and  daily  time  of  working  which  give  the  greatest  daily  work, 
and  R,  V,  T,  any  other  resistance,  velocity,  and  daily  time  of  work- 
ing; then 

R;  +  Vi+f;-^ ^^-^ 

According  to  this  equation,  the  maximum  daily  work  Rj  VjTi  is 
realized  under  the  following  circumstances : — 

R^  is  one-third  of  the  resistance  which  the  man  or  beas*t  can 
overcome  for  an  instant  and  no  more. 

Vj  is  one-third  of  the  velocity  which  can  be  maintained  without 
resistance  for  an  instant 

Ti  is  one-third  of  a  day.  This  last  principle  is  generally  ad- 
mitted to  be  true;  the  others  are  doubtfuL 

The  above  formula  agrees  approximately  with  experiment  for 
circumstances  not  greatly  deviating  frx)m  those  in  which  the  daily 
work  is  a  maximum. 

81.  iaifln«Bc«  mf  Other  circimiiitaBces. — The  circumstances  num- 
bered  4,  5,  and  6  in  Article  79  have  been  considered  first,  because 
for  them  alone  has  anything  approaching  to  a  mathematical  prin- 
ciple been  ascertained.  The  effect  of  the  circumstance  7  will  be 
considered  in  the  ensuing  chapters.  The  influence  of  the  other 
circumstances,  1,  2,  3,  and  8,  involves  questions  of  natural  history 
and  physiology  rather  than  of  mechanics.  With  respect  te  the 
circumstance  3,  it  may  be  stated,  that  other  things  being  alike, 
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the  indiyidual  that  cscn  beneficially  breathe  most  air  and  digest 
most  food,  can  also  perform  most  muscular  work;  and  inasmuch  as 
the  capacity  for  the  beneficial  digestion  of  food  depends  in  a  great 
measure  on  the  capacity  for  the  beneficial  breathing  of  air,  the 
volume,  strength,  and  soundness  of  the  lungs,  and  the  abundance 
and  purity  of  the  air  supplied  to  them,  are  of  primary  importance 
to  muscular  power. 

It  is  well  known  that,  by  a  reciprocal  action,  musculai*  exertion 
increases  the  powers  of  respiration  and  digestion. 

82.  In  the  Tnimv«rt  of  lioadii,  cases  sometimes  occur  in  which 
it  is  impossible  exactly  to  determine  the  resistance  overcome  by  an 
animal;  and  it  is  consequently  impossible  to  calculate  the  absolute 
value  of  the  work  performed.  But  a  quantity  can  be  computed  in 
each  such  case  which  bears  some  unknown  proportion  to  the  work 
performed,  viz. : — the  product  of  the  load  into  the  horizontal  distcmce 
over  which  it  is  conveyed.  That  product  is  called  "  transport"  and 
examples  of  its  values  will  be  given  in  the  sequel. 
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83.  TiUUm  •£  the  PcriknMuice  •T  OieVi^^Tlie  results  in  the  fol- 
lowing tables  are  given  on  the  authorily  of  Coulomb,  Navier,  and 
Ponoelet,  with  the  exception  of  those  marked  16,  which  are  from 
experiments  hj  Lieutenant  David  Eankine. 

I.   WoaSi  OF  A  MaK  against  KnOWK  RE8ISTAKCE& 


KivD  or  ExBsnov. 

R 
lbs. 

V 

ft.p.iec. 

MOO 
(hours 
P^day.) 

RV 

ft..lt)& 
per  aec. 

RVT 
ft-lbs.  p^  day. 

1.  Baising  bis  own  weight  np 

stair  or  ladder, 

2.  Hauling   np  weights   with 

rope,   and   lowering   the 

rope  unloaded, 

8.  Lifting  weights  by  hand,.... 

4.  Carrying  weights  up  stairs, 

and  retaining  unloaded, 

5.  Shoveiling  up   earth    to  a 

hmght  of  5  ft.  3  in., 

6.  Wheeling  earth  in  barrow  up 

slope  of  1  in  12,  i  horiz. 
veloc.  0*9  ft  per  aec,  and 

7.  Pushing  or  pulling  horizon- 

tally (capstan  or  oar), 

8.  Tuniing  a  crank  or  winch,... 

9.  Workinff  Dumo, 

143 

40 
44 

148 

6 

132 

26*6 
(12-6 
^18-0 
(200 

13-2 

15 

0-6 

0-75 
0*56 

018 

1-3 

0-076 

2-0 
6-0 
2-6 
14-4 
2-6 
? 

8 

6 
6 

6 

10 

10 

8 
? 
8 
2mins. 
10 
8? 

72-6 

30 
24-2 

18-5 

7-8 

9-9 

68 
62-5 

46 
288 

83 
? 

2,088,000 

648,000 
522,720 

899,600 

280,800 

366,400 

1,526,400 

1,296,000 

1,188,000 
480,000 

10.  Ha»nnierinir,  rtr-T--,»r-.T,,T,,. 

ExplamxUwn, — R,  resistance;  V,  effective  vdocUy  =  distance 
through  which  R  is  overcome  ~  total  time  occupied,  including 
the  time  of  moving  unloaded,  if  any;   T",  time  of  working,  in 

seconds  per  day;  ^^,  same  time,  in  hours  per  day;  R  V,  effective 

power,  in  foot-pounds  per  second;  RVT,  daily  work. 
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IL   PERFOBKAirCB  OP  A  MaK  IK  TbAKSPOETING  LoABS 
HOBIZONTALLT. 


Km>  ov  EzBmoH. 

L 

Ite. 

V 

T 

8600 

Oxmn 

P^day.) 

LV    1 

Twed    iM-coiiTeyaa 
Ifcot         Ifcot 

U.  WaUog  vnloadMl,  transport 

140 

224 

182 

90 

140 
(252 
•^126 
(    0 

5 

;• 

11-7 
231 

10 

10 

10 

7 

6 

700 

873 
220 
226 

238 
0 
1474-2 
0 

25,200,000 

18,428,000 
7,920,000 
5,670,000 

6,082,800 

•  ■a 

12.  Whedlngload  L  in  2-wlild. 

barrow,  ntnni.  nnlofidfld, 

18.  Ditto  in  1-wh.  harrow,  diUo, 

14.  TraYelling  witli  boitlfln, 

16.  Carrying  bnrdan,  retoming 

mlMKllMi, a....   ...    .. 

18.  CaiiTinglNiKkm,  fbr  80  la- 
oooda  odIt* 

XaeplanaUon. — ^L,  load ;  Y,  ^ectwe  vdodby^  computed  as  before ; 

rpr» 

r,  time  of  working,  in  seconds  per  day;  -^^F^i  in  hours  per  day,  as 

before;  LV,  tfrangpcrt  per  seoondy  in  foot-pounds;  LVT,  daily 
tninsportb 

84.  W«vk  •r  m  HlMi  WalalBg  Ua  Own  Weight. —  The  average 
amount  of  this  is  given  in  line  1  of  the  table  in  Article  63,  and  is 
greater  than  the  work  which  the  man  can  perform  by  any  other 
mode  of  exertion.  The  most  simple  method  of  rendering  available 
this  land  of  work  is  that  invented  by  a  French  officer  of  engineers, 
Oaplain  Goignet,  and  applied  to  the  lifting  of  barrows  of  earUi  from 
an  excavation  about  forty  feet  deep.  A  hoiH  is  constructed,  con- 
sisting of  a  strong  rope  passing  over  a  lai^  pulley,  and  having 
suspended  at  each  end  of  it  a  cctge  or  enclosed  platform.  Each 
bamw  of  earth  on  being  brought  to  the  foot  of  the  hoist  is  placed 
in  the  cage  which  has  just  descended  to  the  lower  level  At  the 
same  time  a  man  with  an  empty  barrow  steps  into  the  other  cage 
at  the  upper  level,  and  descending  along  with  it,  causes  the  cage  con- 
taining the  full  barrow  to  rise  to  the  higher  level,  and  the  bairow  is 
then  removed.  The  man  then  leaves  the  cage  in  which  he  has 
descended,  and  at  once  returns  to  the  higher  level  by  mount- 
ing a  ladder.  When  he  mounts  the  ladder,  he  storet  energy  to  an 
amount  equal  to  the  product  of  his  weight  into  the  vertical  height 
of  ascent,  which  eneigy  is  expended  when  he  descends  in  one  cage 
and  raises  the  load  in  the  other.  A  party  of  men  are  employed  in 
this  operation  alone,  the  barrows  being  wheeled  to  and  from  the 
lioist  by  others.     There  is  one  man  whose  sole  duty  it  is  to  attend 
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to  the  machine,  and  either  by  hand  or  hj  means  of  a  brake  to  con- 
trol the  motion  when  it  tends  to  become  too  rapid. 

The  velocity  of  vertical  ascent  given  in  the  table  being  the 
effeiOwe  velocity  only,  is  found  by  dividing  the  whole  height 
ascended  in  a  day  by  the  whole  number  of  seconds  occupied, 
whether  in  ascending  or  in  descending. 

85.  uiUiic  Wclghia  ky  m  itope. — ^The  data  in  line  2  of  the  tables 
are  obtained  from  the  results  of  the  exertions  of  men  in  working  a 
rin^ng  pile  engtriey  in  which  a  heavy  ram  moving  vertically  between 
guides  is  attached  to  a  rope  passing  over  a  ptdley.  The  other  end 
of  the  i-ope  branches  out  into  several  smaller  ropes,  held  by  a  suffi- 
cient number  of  men,  in  the  proportion  of  about  one  man  for  each 
40  lb.  weight  of  the  ram.  The  men,  pulling  all  together,  lift  the 
ram  from  three  to  four  feet,  and  let  it  drop  suddenly  on  the  head 
of  the  pile.  It  is  found  that  they  work  most  effectively  when, 
after  every  three  or  four  minutes  of  exertion,  they  have  an  interval 
of  rest 

S6,  Other  ]li#dM  ^f  Bxcrttmi. — It  is  scarcely  necessary  to  state 
that  in  none  of  the  lines  of  the  first  table  except  that  marked  1  is 
the  weight  of  the  man  himself  included  in  any  load  which  he  is 
stated  as  moving. 

In  line  6,  the  resistance  E.  =  132  lbs.  is  the  net  toeight  of  the 
earth  in  the  barrow,  and  excludes  the  weight  of  the  barrow 
itself.  The  mean  actual  velocity  going  and  returning  is  1  -8  feet 
per  second  ;  but  as  the  effective  velocity  is  to  be  computed  from  the 
distance  travelled  when  loaded  only,  it  is  one-half  of  1*8,  or  0*9  foot 
per  second  ;  and  as  the  rate  of  ascent  of  the  slope  is  1  in  12,  the 
effective  vertical  velocity  is  0*9  -?- 12  =  0*075  of  a  foot  per  second, 
as  set  down  in  the  column  V.  It  is  to  be  observed  that  the  work 
set  down  in  this  line  is  that  due  to  the  vertical  raieing  of  the  earth 
only,  and  is  by  no  means  the  whole  work  performed  by  the  man ; 
the  conveying  the  earth  horizontally  also  involves  the  overcoming 
of  resistance  and  performing  of  work,  though  to  what  amount  is 
only  known  by  a  rough  approximation  to  be  mentioned  in  the  next 
Article. 

Line  7  shows  that,  next  to  raising  his  own  weight  up  a  ladder, 
the  most  favourable  modes  of  exerting  a  man's  strength  are  the 
pushing  of  a  capstan  bar  and  pulling  of  an  oar. 

Next  in  amount  of  daily  work,  as  shown  by  line  8,  is  the  turn- 
ing of  a  crank  or  winch — the  ordinary  mode  of  driving  purchases, 
cranes,  monkey  pile  engines,  and  a  great  variety  of  other  machines. 

The  result  in  line  9,  relative  to  working  a  pump,  wiU  also  apply 
to  windlasses  which  are  worked  by  levers  in  the  position  of  pump 
handles.  It  applies,  amongst  other  pumps,  to  those  of  hydraulic 
presses — a  kind  of  machine  which,  although  generally  worked  by 
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men,  inYolves  hjdrodynatnic  principles,  which  make  it  necessary  to 
defer  its  consideration  till  Part  II.  of  this  work. 

In  line  10^  relative  to  swinging  a  15  lb.  hammer,  some  of  the 
data  are  wanting,  and  the  result  is  doubtful. 

87.  TwiwagwrtMg  1j— *■■ — In  the  second  table,  the  only  line  in 
which  the  weight  of  the  man  is  taken  into  account  is  that  marked 
1 1,  where  his  own  weight  is  the  only  load  conveyed. 

By  comparing  line  13  in  the  second  table  with  line  6  in  the  first, 
it  appears  that  the  exertion  of  wheeling  a  load  of  earth  horizontally 
in  a  one-wheeled  barrow  from  ten  to  twelve  feet  or  thereabouts, 
most  be  nearly  equal  to  that  due  to  the  raising  of  the  same  earth 
one  foot  vertiodly  in  wheeling  it  up  a  slope. 
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CHAPTEK  m. 


POWER  OF  HOBSES  AND  OTHER  BEASTS. 


SS.  TaklM  •rthe  Pcvfimiuaee  ^f  H«nM. — The  results  in  the 
following  table  are  gi^en  on  the  authority  of  Navier  and  Poncelet, 
except  the  line  marked  1^  which  is  from  experiments  by  Mr.  David 
Ranidne  and  the  Author.  Line  2  contains  the  mean  of  several 
results  of  experiments  on  draught  horses^  and  may  be  considered 
the  a^verage  of  their  ordinary  performance  under  the  most  fJEivourable 
circumstances  as  to  time  of  working  and  velocity. 


I.  Work  of  a  Hobse  agaikst 

A  Known  Resistance. 

XlMv  OV  EsSBXIOira 

R 

.    V 

T 
MOO 

BV 

BYT 

1.  Cantering  and  trotting,  draw- 

ing a  Ugfat  railway  car- 
riage (thoronghbred), 

2.  Hone  drawing  cart  or  boat, 

walking  (draught  horse), 

8.  HofBe  drewfaig  a  gin  or  mil^ 

walking,.. 

(min.  221) 
•JmeanSOjl 
(maz.  50J 

120 

100 
66 

8-6 

8-0 
6-6 

4 

8 
8 

447i 

482 

800 
429 

6,444,000 

1 

12,441,600 
8,640,000 

4.  Ditto,  trotting, 

6,950,000  I 

'      ' 

Escplcmatwn. — R,  resistance,  in  lbs.;  Y,  velocity,  in  feet  per 
second;  T-r-3600,  hours'  work  per  day;  RV,  work  per  second; 
RVT,  work  per  day. 

11  Pebforicancb  of  a  Hobse  in  Transpobtino  Loads 
hobizontallt. 


L 

V 

T 
8000 

LV 

LVT 

6.  Walking  with  cart,  always 
loaded, 

1,600 
750 

1,600 
270 
180 

8*6 
7-2 

2-0 
8-6 
7-2 

10 

10 

10 

7 

6,400 
5,400 

8,000 

972 

1,296 

194,400,000 
87,480,000 

108,000,000 
84,992,000 
82,659,200 

6   Trotting  ditto 

7.  Walking   with    cart,    going 
loaded,  returning  empty; 
y  =  ^  mean  velocity, 

S.  Canying  burden,  walking,... 
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Eaydanaiion. — L,  load,  in  lbs. ;  V,  velocity  in  feet  per  second ; 
T -7- 3600,  working  hours  per  day;  LY,  transport  per  second; 
L  V  T,  transport  per  day. 

Table  II.  has  reference  to  conveyance  on  common  roads  only,  and 
those  evidently  in  bad  order  as  respects  the  resistance  to  traction 
upon  them. 

The  average  power  of  a  draught  horse,  as  given  in  line  2, 

432 
Table  L,  being  432  foot-ponnds  per  second,  is  =t7v  =  0*785  of  the 

conventional  value  assigned  by  Watt  to  the  ordinaiy  unit  of  the 
rate  of  work  of  prime  movers  (Article  3). 

89.  <lacflB»  iiih1m»  AflsM. — Authorities  differ  considerably  as  to 
the  power  of  these  animals.  The  following  may  be  taken  as  an 
approximative  comparison  between  them  and  draught  horses : — 

Ox — ^Load,  the  same  as  that  of  average  draught  horse;  best 
velocity,  and  work,  |  of  horse. 

Mule. — Load,  one-half  of  that  of  average  draught  horse ;  best 
velocity,  the  same  with  horse ;  work,  one-half. 

Ass. — Load,  one  quarter  of  that  of  average  draught  horse ;  best 
velocity,  the  same ;  work,  one  quarter. 

90.  Hotm  CMik — ^In  this  madiine,  as  is  shown  by  line  3,  a  horse 
works  less  advantageously  than  in  drawing  a  carriage  along  a 
straight  track.  In  order  that  the  best  possible  results  may  be 
realized  with  a  horse  gin,  the  diameter  of  the  circular  track  in 
which  the  horse  walks  should  not  be  less  than  about  forty  feet 

91.  Traid  WhMla  Hut  Hmtms  amd  Oxot  have  been  used,  each 
consisting  of  a  plane  circular  platform,  rotating  about  an  axis 
somewhat  inclined  to  the  vertical,  and  ribbed  to  prevent  the  feet  of 
the  animal  from  slipping.  The  animal  walks  continually  up  the 
slope  of  the  platform  at  or  near  one  end  of  the  horizontal  diameter, 
and  by  its  weight  causes  the  platform  to  rotate  against  a  resistance. 
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OF   WATER   POWER   AND   WIND   POWER. 


CHAPTEK  I. 

OF  SOUBCES  OF  WATER  FOB  POWEB. 

92.  Naoira  mf  S««pces  1m  0«scnd. — The  original  source  of  water 
power  is  the  solar  heat,  which  evaporates  liquid  water  from  the 
surfiace  of  the  earth  and  sea.  The  vapour,  condensing  in  the  upper 
and  colder  regions  of  the  atmosphere,  fiaJls  as  rain,  and  forms 
streams,  whose  waters,  in  descending  from  a  high  to  a  low  level, 
exert  energy  equal  to  the  product  of  the  weight  of  water  which 
descends  into  the  height  through  which  it  descends.  In  the  natural 
condition  of  a  stream,  the  whole  of  the  energy  due  to  the  descent 
of  its  waters  is  employed  in  wearing  and  canying  away  the 
materials  of  its  bed,  and  in  producing  heat  by  fnction;  but  by 
proper  management,  a  part  of  that  energy  can  be  made  available  to 
overcome  the  resistance  of  machines. 

The  art  of  collecting  and  distributing,  for  usefiil  piuposes,  the 
rain-fall  of  a  district, — of  planning  and  making  reservoirs  for  storing 
part  of  it  in  seasons  of  flood,  in  order  to  supply  its  deficiency  in 
seasons  of  drought,  and  of  adapting  natural  lakes  to  answer  the  same 
purposes — the  art  of  preserving  and  improving  the  natural  channels 
in  which  it  flows,  and  of  planning  and  making  artiflcial  channels, 
constitute-  a  great  and  important  branch  of  civil  engineering,  and 
cannot  be  considered  within  the  limits  of  the  present  treatise,  whose 
object,  as  applied  to  water  power,  is  to  set  forth  the  principles  and 
the  mode  of  action  of  those  engines  which  render  that  power  avail- 
able when  a  convenient  source  has  been  obtained ;  that  is  to  say, 
a  stream,  discharging  a  given  quantity  of  water  per  second,  and 
having  a  given  vertical  descent  within  a  convenient  distance.  Such 
a  combination  of  circumstances  makes  a  "  kill  site"  or  "  fall.'* 

93.  P«wer  •€  m  FaU  aT  Wai«^— KflleieBCT. — The  gross  power  of  a 
&11  of  water  is  the  product  of  the  ujeiglU  of  water  discharged  in  a 
given  unit  of  time  (such  aa  a  second,  or  a  minute),  into  Ae  total 
head;  that  is,  the  difference  of  vertical  elevation  of  the  wpp&r  mrface 


92  WATER  POWER  Ain)  WIND  POWER. 

ofihA  toater  at  the  points  where  the  &11  in  question  begins  and  ends. 
To  express  this  in  symbols,  let 

Q  be  the  flow,  or  volume  of  water  discharged,  in  cubic  feet  per 
second; 

D,  the  weight  of  a  cubic  foot  of  water,  in  lbs.,  =  62*4  lbs.,  nearly ; 

H,  the  total  head;  then 

DQH (1.) 

is  the  gross  power,  in  foot-lbs.  per  second;  which  being  divided  by 
550,  gives  the  gross  horse-power. 

There  is  in  every  case  a  certain  loss  qfJiead  arising  from  the  waste 
of  energy  in  various  ways  to  be  afterwards  mentioned.  That  waste 
can  usually  be  computed  in  the  form  of  a  certain  fraction  of  the  whole 
energy  exerted;  let  k  denote  that  fraction;  then  the  ^ecHve power, 
in  foot-lbs.  per  second,  is 

(l-i)DQH; (2.) 

and  the  efficiency  is 

1  -  *; (3.) 

&  H  is  called  the  lose  of  head,  and  (1  -  ^)  H  the  ^ectwe  head, 

94.  HettMraaeat  mf  a  S««rc«  •€  Water  Pawer. — Two  things  are 
to  be  measured  about  a  fall  of  water,  the  head  H,  and  the  flow  Q. 
The  head  is  measured  by  the  ordinary  operation  of  levelling.  The 
flow  is  measured  by  diflerent  methods,  according  to  circumstancea. 

I.  In  large  streams,  the  flow  can  in  general  be  only  measured 
directly ;  that  is,  by  finding  the  area  of  cross-section  of  the  stream, 
measuring  by  suitable  instruments  the  velocities  of  the  current^  at 
various  points  in  that  cross-section;  taking  the  mean  of  these 
velocities,  and  multiplying  it  by  the  sectional  area.  The  mo8t 
convenient  instrument  for  such  measurements  of  velocity  is  a  small 
light  revolving  fan,  on  whose  axis  there  is  a  screw,  which  drives  a 
train  of  wheel  work,  carrying  indexes  that  record  the  number  of 
revolutions  made  in  a  given  time.  The  whole  apparatus  is  fixed  at 
the  end  of  a  pole,  so  that  it  can  be  immersed  to  different  depths  in 
diflerent  parts  of  the  channel  The  relation  between  the  number 
of  revolutions  of  the  fan  per  minute,  and  the  corresponding  velocity 
of  the  current,  should  be  determined  experimentally,  by  moving  the 
instrument  with  diflerent  known  velocities  through  a  piece  of  still 
water,  and  noting  the  revolutions  of  the  fan  in  a  given  tima 

II.  When  fix)m  the  want  of  the  proper  instrument,  or  any  other 
cause,  the  velocity  of  the  current  cannot  be  measured  at  various 
points,  the  velocity  of  its  swiftest  part,  which  is  at  the  middle  of  the 
sui^eu;e  of  the  stream,  may  be  measured  by  observing  the  motions  of 
any  convenient  body  floating  down.     Let  this  greatest  velocity  in 
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feet  per  second  be  denoted  by  Y ;  then  aooording  to  an  empirical 
fonnula  of  Plx^ny's,  the  mean  velocity  is 


«  =  V 


7-71  +  V 
10-25  +  V 


.(1.) 


m.  When  the  stream  is  so  small  that  it  is  practicable  to  make 
acroes  it  a  temporary  weir,  such  a  weir  is  to  be  made,  care  being 
taken  that  it  shall  be  perfectly  water  tight  at  every  point  except 
the  outlet  through  which  the  whole  flow  of  the  stream  is  to  pass. 
The  site  ought  to  be  chosen  with  a  view  to  the  tightness  and 
securily  of  the  weir;  and  the  channel  of  the  stream  immediately 
below  the  weir  should  be  straight,  in  order  that  the  rapid  current 
rushing  from  the  outlet  may  not  injure  the  banks. 

The  outlet  should  be  a  notdi  or  depression  in  the  upper  edge  of  a 
vertical  board;  hence  weirs  of  this  class  are  called  no^A  hoards.  In 
fig.  24,  A  repre- 
sents a  front  view, 
and  B  a  vertical 
section,  of  a  notch 
board  with  a  rec- 
tangular notdv 

Die  sides  and 
bottom  of  the 
notch    should    be  **•**• 

chamfered  to  a  fine  edge,  with  a  vertical  surface  opposed  to  the 
water  in  the  pond  above  the  weir,  as  shown  in  the  section  B ;  and 
the  better  to  fulfil  this  condition,  the  notch  may  be  edged  all  round 
with  thin  sheet  iron.  The  object  of  this  is,  to  prevent  as  far  as 
possible  the  friction  and  cohesion  between  the  water  and  the  edge 
of  the  notch  from  interfering  with  the  result 

A  vertical  scale,  divided  into  feet  and  decimals,  and  having  its 
aero  at  the  level  of  the  lower  edge  of  the  notch,  is  to  be  placed  in 
the  pond  above  the  notch  board,  at  some  point  where  the  water  is 
either  sensibly  still,  or  has  a  very  slow  motion  only;  and  the  height 
at  which  the  surface  of  the  water  stands  on  that  scale  is  to  be  noted 
from  time  to  time. 

Let  h  be  that  height,  in  feet;  let  h  be  the  breadth  of  the  notch, 
also  in  feet  Then  the  flow,  in  cubic  fed  per  second,  is  given  by  the 
formula 

Q^^'bhJTfh; (1.) 


3 


2  g  being  64*4,  and 
c  18  a  fraction 


2gh  the  velocity  due  to  the  height  h;  while 
the  otheffideiU  of  conlrticUon,  expressing  the 
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ratio  which  the  sectional  area  of  the  most  contracted  part  of  the  jet 
or  cascade  flowing  from  the  notch  bears  to  the  area  of  the  rectangle 
bk 

The  above  formula  may  also  be  expressed  as  follows  : — 

Q  =  5-35  c  b  hi *(2.) 

It  is  advisable  that  the  breadth  of  the  notch  should  not  be  less 
than  one-fourth  of  that  of  the  weir.  It  may  have  any  convenient 
breadth  from  that  amount  up  to  the  entire  width  of  the  weir. 

The  values  of  the  co-efficient  of  contraction  are — 

For  a  notch  of  ^  of  the  width  of  the  weir, '595 

For  a  notch  of  the  whole  width  of  the  weir, '667 

and  for  intermediate  proportions,  the  following  empirical  formula  is 
very  nearly  correct : — 

"  =  0-^7^  10  B' ('•> 

B  being  the  breadth  of  the  weir. 

When  the  velocity  of  the  current  at  the  point  where  the  vertical 
scale  stands  is  too  large  to  be  neglected,  let  Vq  denote  that  velocity 
(called  the  velocity  of  a/pproadi),  and 

the  height  due  to  it.  Then,  according  to  Mr.  Neville's  work  on 
Hydraulics,  the  flow  is  the  diflerence  between  that  from  a  still  pond 
due  to  the  height  h  +  Jt^  and  that  due  to  the  height  Ji^i  so  that  it 
is  given  by  the  formula 

Q  =  5-35  c  b  {{h  +  /*o)»  -  Ao*} • (*•) 

When  Vq  cannot  be  directly  measured,  it  can  be  computed  approxi- 
mately by  taking  an  approximate  value  of  Q  from  equation  2,  and 
dividing  by  the  sectional  area  of  the  channel  at  the  place  where  the 
scale  stands. 

Table  op  Values  op  c  and  5-35  c. 

g, 1*0        09      08      07      0-6      0-5      0-4      03      0-23 

c, -667      '66      -65      -64      -63      '62      '61      -60      -595 

5*35  c,  3*57      353    3'48    342    337    3'32    ^26    3-21    318 

*  At  is  easily  computed,  as  follows,  by  the  aid  of  an  ordinary  table  of  squares  and 
cubes : — Look  in  the  oolnmn  of  squares  for  the  nearest  square  to  A;  then  opposite,  in 
the  cohimn  of  cubes,  will  be  an  approximate  value  of  hi. 
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lY.  Besides  the  variations  in  the  co-efficient  of  contraction 
already  stated,  which  depend  on  the  proportion  between  the 
breadths  of  the  weir  and  of  the  notch,  there  are  other  variations 
which  have  been  reduced  to  no  general  law,  depending  on  the 
proportions  of  the  dimensions  of  the  notch  to  each  other. 

To  avoid  this  inconvenience,   ^^  c 

Professor    Thomson    of   Bel-  ^^^:;^ -yy^ 

fast  has  adopted  a  form  of 
notch  in  which  the  section  of 
the  issuing  jet  is  always  of  a 
similar  figure — ^that  is  to  say,  im 

a  triangle  with  the  apex  down- 
wards, as  in  fig.  25.  ^'^'  2^- 

Let  h  be  the  depth,  in  feet,  of  the  apex  of  the  notch  below  the 
sur&ce  of  still  water  in  the  pond,  h  the  breadth  of  the  notch  at  the 
levd  of  the  sv/r/ace  of  still  vxUer ;  then  the  area  of  the  triangle 
bounded  by  that  level  and  the  edges  of  the  notch  is  \hh\  and 
theory  gives  for  the  discharge  in  cubic  feet  per  second — 

^  =  %^.J^; (5.) 

Mr.  Thomson's  experiments,   made  for  the  British  Association, 
give  for  the  co-efficient  of  contraction — 

c=-619; (6.) 

whence 

Q  = -33  ^^27^=  2-645^ (7.) 

Let  &  =  2  a  A,  a  being  a  constant  ratio ;  then 

Q  =  2-645  hS (8.) 

V,  Listead  of  an  open  notch  in  the  top  of  a  weir  board,  there 
may  be  an  orifice,  or  a  row  of  orifices,  wholly  beneath  the  level  of 
the  water  in  the  pond  In  that  case,  on  account  of  the  variations 
in  the  co-efficient  of  contraction  which  occur  when  the  orifice  has 
various  proportions  of  length  to  breadth,  and  also  when  the  ratio 
of  the  head  of  water  above  the  orifice  to  the  breadth  of  the  orifice 
varies,  it  is  desirable  to  select  such  forms  and  proportions  as  shall 
give  rise  to  the  smallest  variations.  For  that  purpose  the  orifices 
should  be  made  either  square  or  circular;  and  their  size  should  be 
such  that  the  height  of  the  surface  of  still  water  in  the  pond  shall 
not  be  less  at  any  time  than  three  times  the  diameter  of  an  ori- 
fice.    These  conditions  being  fulfilled,  let  A  be  the  area  of  an 
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orifice,  h  the  depth  of  its  centre  below  the  upper  sar&ce  of  stUl 
water ;  then  the  flow  through  it  in  cubic  feet  per  second  is 

Q  =  c A  J2jh; (9.) 

the  values  of  c  being — 

For  round  orifices, 0*62 

For  square  orifices, 0*6 

and  the  values  of  c  J2g  =z  8*02  c — 

For  round  orifices, 4*98 

For  square  orifices, 4*82 

No  very  serious  enor  will  be  incurred  by  using  these  co-efficients, 
even  when  the  height  k  falls  to  double  the  diameter  of  the  orifice; 

y  I.  When  the  edge  of  an  orifice  partly  coincides  with  the  bor- 
der of  the  channel  by  which  the  water  is  brought  to  it,  so  that  the 
water  is  partially  c^uided  in  a  straight  course  towards  the  orifice, 
the  case  is  called  one  of  partial  contraction;  and  in  computing  the 
discharge,  instead  of  the  co-efficient  c,  there  is  to  be  employed — 

c  +  0-09  w; (10.) 

n  being  the  fraction  of  the  edge  of  the  orifice  which  coincides  with 
the  border  of  the  channel  This  formula  is  Mr.  NeviUe's,  and  is 
shown  by  him  to  be  sensibly  correct  when  n  is  any  fraction  not 
exceeding  |. 
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CHAPTER  II. 

OF  WATER  POWER  EK6IKES  IN  GENERAL. 


95.  Parti  mmd  Awcadtecai  •f  Water  P«w«r  Eaglacfl. —  In  every 
water  power  engine,  or  in  connection  with  it,  there  exist  the  fol- 
lowing parts,  or  parts  equivalent  to  them  : — 

L  The  CHANNEL  OP  SUPPLY,  or  HEAD  RAGE,  whcTeby  water  is 
brought  to  the  engine,  and  which  extends  from  the  b^pnning  of 
the  ML  to  the  place  where  the  water  begins  to  act  on  tiie  mecha- 
nism. It  may  be  an  open  conduit,  or  a  close  pipe,  or  a  combina- 
tion of  both.  Economy  of  power  requires  that  it  should  be  as  large 
as  possible :,  economy  of  first  cost  that  it  should  be  as  small  as 
possible.  The  right  mean  is  a  matter  for  the  judgment  of  the 
engineer  in  each  particular  case.  This  channel  usually  commences 
at  a  head  reservoir  or  pond,  and  the  lower  end  of  it  is  sometimes 
of  such  dimensions  as  to  constitute  a  second  reservoir  or  perUstock. 
The  lower  end  of  the  supply  channel  is  of  various  kinds  and  forms 
according  to  the  nature  of  the  engine. 

II.  The  WASTE  CHANNEL,  or  BYE  WASH,  whereby  any  flow  of 
water  which  is  in  excess  of  that  required  for  the  stream,  and  which 
there  is  not  reservoir  room  to  store,  is  discharged  into  the  natural 
drainage  channels  of  the  country.  This  generally  commences  with 
a  weir  or  overfall  forming  part  of  the  boundary  of  a  reservoir,  and 
of  such  length  that  the  greatest  possible  flow  of  waste  water  can 
escape  over  it  without  risii:^  to  a  dangerous  or  inconvenient  height 

IIL  The  REGULATOR,  being  the  sluice,  valve,  or  other  apparatus 
whereby  the  ^ow  of  water  delivered  by  l^e  head  race  to  the  engine 
is  adjusted  to  the  work  to  be  performed.  For  reasons  which  will 
afterwards  appear,  economy  of  power  requires  that  the  regulator 
should  be  as  close  as  possible  to  the  engine,  and  therefore  at  the 
lower  end  of  the  channel  of  supply.  The  regulator  is  very  fre- 
quently controlled  by  a  governor,  usually  of  the  revolving  pendulum 
class  (Art  55),  of  which  the  details  will  be  exemplified  farther  on. 

IV.  The  ENGINE  PROPER,  being  the  machine  to  which  the  water 
transmits  energy. 

V.  The  TAIL  RACE,  by  which  the  water  is  discharged  after  having 
driven  the  engine,  and  which  terminates  at  the  bottom  of  the  &11. 
The  same  prindples  of  economy  of  power  and  economy  of  cost 
apply  to  this  as  to  the  head  race. 

H 
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96.  The  daasM  mi  Water  P«w«r  EagbiM  are  : — 

I.  Watkb-buckjet  engines,  in  which  water,  poured  into  sos- 
pended  buckets,  causes  them  to  descend  yertically,  and  so  to  lift 
loads  or  oyercome  other  resistance,  as  in  certain  hydraulic  hoists. 

II.  Wateb-pbessube  engines,  in  which  water  by  its  pressure 
drives  a  piston. 

IIL  Vebtical  WATEB  WHEELS,  being  wheels  rotating  in  a  verti- 
cal plane,  and  driven  by  the  weight  and  impulse  of  water.  These 
are  the  most  common  of  all  water  power  engines. 

lY.    HOBIZONTAL   WATEB   WHEELS,    Or    TUBBINES,    belog    whcels 

rotating  in  a  horizontal  plane,  and  driven  by  the  pressure  and 
impulse  of  water. 

V.  Rams  and  jet  pumps,  in  which  the  impulse  of  one  mass  of 
fluid  is  used  to  drive  another. 

97.  Water  P^ww  EnglBce  witk  AvtMelal  flmnwM. — ^The  smooth- 
ness and  steadiness  of  motion,  and  some  other  advantages  of  water 
power  engines,  sometimes  occasion  the  use  of  machines  exactly 
resembling  them  in  everything,  except  that  the  flow  and  head  of 
water  are  produced  artificially — ^for  example,  by  pumps  worked  by 
hand,  as  in  the  common  hydraidic  press,  or  by  pumps  worked  by 
steam,  as  in  some  hydraulic  hoists  and  cranes,  and  in  some  water 
wheels  for  driving  fine  manufacturing  machinery,  which  are  sup- 
plied by  pumping  steam  engines. 

Such  machines  are  not,  properly  speaking,  prime  movers  for 
obtaining  energy  from  natural  sources,  but  ra^er  pieces  of  media- 
nism  for  transmitting  and  conveniently  applying  energy  already 
obtained  by  means  of  other  prime  movers.  The  identity  of  their 
construction  and  action,  however,  with  those  of  true  water  power 
engines,  renders  it  advisable  to  consider  them  in  the  present 
treatise. 

98.  F«na  AMHBied  by  Bacrsr  •f  FaU  {A.  M.,  619-621).— 
Let  a  continuous  and  uniform  stream,  whose  volume  of  flow  is  Q 
cubic  feet  per  second,  and  weight  of  flow  D  Q  lbs.  per  second, 
descend  from  the  height  or  head  of  H  feet  to  a  given  point  of  dis- 
charge. That  stream  is  capable  of  performing  work,  by  the  direct 
action  of  its  weight  in  descending,  to  the  amount  of 

D  Q  H  ft.-lba  per  second... (1.) 

Now  suppose  that  from  the  original  elevation  H  of  the  upper 
8ui&ce  of  the  stream,  down  to  a  point  whose  elevation  above  the 
bottom  of  the  fall  is  z  feet,  the  descent  of  the  water  takes  place 
vnthoni  reaistance.  It  will  at  the  latter  point  possess  the  power  of 
performing  work  6y  its  weight  to  the  amount  of 

DQ«fi.-lb8.  per  second  only; (2.) 
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but  sappofling  the  source  to  be  a  reservoir,  where  the  velocity  is 
insensible,  the  stream  will  now  by  its  free  descent  through  the 
height  'H.—z,  have  acquired  the  velocity — 


v=J'2g(R-z); (3.) 

so  that,  before  being  brought  back  to  an  insensible  velocity,  it  is 
capable,  by  imfuxse,  of  peiforming  the  additional  work  due  to  its 
adual  energy,  viz. : — 

5^  =  DQ  (H-«)  a-lbs.  per  second, (4.) 

which  being  added  to  the  quantity  of  work  in  the  expression  2, 
reproduces  D  Q  H,  the  total  original  power. 

Next,  let  the  stream  be  supposed  to  descend,  in  a  dose  pipe  so 
large  that  the  velocity  of  current  is  still  insensible,  from  the  ori- 
ginal head  H  to  the  less  elevation  z  above  the  bottom  of  the  &1L 
Then,  as  in  the  last  example,  equation  2,  the  stream  will  at  the 
latter  point  possess  the  power  of  performing  DQz  fL-lbs.  per 
second  only  of  work  by  Ua  weight;  but  its  presev/re  will  have 
become,  in  lbs.  on  the  square  foot — 

p  =  D(H-«); (5.) 

and  BT  MEANS  OF  ITS  PRESSURE  the  stream  will  be  capable  of  per- 
forming work  to  the  amount  of 

p  Q  =  D  Q  (H-a)  fb.-lbs.  per  second, (6.) 

which  being  added  to  the  quantity  of  work  in  equation  2,  repro- 
duces the  total  original  power  D  Q  H,  as  before. 

It  appears,  then,  that  if  it  were  possible  for  a  stream  to  descend 
absolutely  without  resistance  from  the  elevation  H  to  any  less 
elevation  above  the  bottom  of  the  £eJ1,  and  if  the  pressure  at  the 
latter  elevation  were  p  lbs.  on  the  square  foot,  and  the  velocity  v 
feet  per  second,  the  power  or  energy  per  second  at  that  elevation, 
being  equal  to  the  original  power,  would  be  expressed  by 

Q(i,  +  D*+|^=DQHj (7.) 

or,  if  the  height  dm  to  thopresaun  be  denoted  hjp-i-  D — 

In  this  expression, 
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jj  Q  /    I  JP\  is  potential  energy,  or  capacity  for  peifonn- 
^  \       D/         ing  work  by  weight  and  pressure. 

D  Q  •—    ^*^**'^  ^fMfiWy  or  capacity  for  performing  work 
^g^        by  impulse. 

The  following  equation : — 

*+S+s=^ <^«) 

shows,  that  at  a  given  elevation  z,  where  the  velocity  of  the  stream 
is  v,  and  the  pressure  p,  there  is. 

Besides  the  axAval  head  z^ 

A  virtiuU  head,  composed  of— 

The  height  due  to  the  velocity,  t^-r  2^, 
And  the  height  due  to  the  pressure,  j> -r  D, 

making  together  a  total  head,  which,  if  the  stream  has  descended 
without  resistance,  is  equal  to  the  original  head  H. 

Throughout  this  Article,  and  the  present  Part  of  the  treatise, 
when  not  otherwise  specified,  preesure  is  used  to  mean,  the  exoesa  of 
thepreeewre  of  the  water  above  tfuU  of  the  a/tmoephere. 

99.  liMs  •r  Bflttd  is  the  form  in  which  the  effect  of  waste  of 
energy  in  the  stream  of  water  during  its  descent  is  most  con- 
veniently expressed.  It  may  be  denoted  in  the  form  of  a  certain 
fraction  of  the  total  head — 

and  then 

H-i  =  (l-i{OH (1.) 

will  be  the  OfoailaMe  head; 

DQ(H-A):^(1-;50DQH, ...(2.) 

the  ofixMtile  power,  or  the  enei^  exerted  per  second  by  the  &I1  on 
the  engine;  and 

l-Ji^^, (3.) 

the  efficiency  ofthefaU, 

If,  in  the  working  of  the  engine,  there  is  a  further  waste  of  the 
fraction  k*  of  the  energy  exerted  on  it,  so  that  the  ueeful  effed  is 

(l-i")(l-*OI>QH, (4.) 
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then  1  -£"  is  the  ^fidmcy  of  the  tnedumismy  and 

(1_F)  (1  ^k-)  =  1  -*  (aj8  in  Article  93) (5.) 

the  rendiani  ^^idency  of  the  611  and  engine  combined. 

The  caxiaes  of  Ices  of,  head  are,  the  velocity  of  the  cnrrent  in  the 
tail  race,  and  fluid  friction. 

1.  Current  in  the  tail  race, — If  t/  be  the  velocity  with  which  the 
stream  is  discharged  along  the  tail  race,  there  must  be  a  descent  of 
€?**-=- 2^  to  produce  that  velocily,  which  descent  is  a  loss  of  head. 
Hence,  as  stated  in  Article  95,  the  tail  race  should  be  as  large  as 
is  ooncdstent  with  due  economy  of  first  cost. 

IL  Friction  of  pcmages  and  channda  in  general. — ^Let  A  be  the 
sectional  area  of  any  passage  or  channel  along  which  the  stream  is 
conveyed,  then 

'=1 («•) 

is  the  mean  velocity  of  the  current  through  it. 

The  loss  of  head  from  friction  is  expressed  by  the  following 
general  formula: — 

"■f,' <'•> 

that  is,  the  product  of  the  height  due  to  the  velocity  by  &  factor  of 
resistance  F,  whose  value  depends  mainly  on  the  nature,  form,  and 
dimensions  of  the  passage. 

The  friction  takes  effect  in  open  channels  by  producing  a  decli- 
vity of  the  sur&ce  and  a  loss  of  actual  head;  in  a  close  pipe  it 
takes  effect  by  diminishing  the  pressure,  and  the  virtual  head  due 
to  it. 

A  few  values  of  the  &ctor  denoted  by  F  have  already  been  given 
in  Article  50,  under  the  head  of  "  Pump  Brakes."  They  will  now 
be  repeated  in  greater  detail,  and  with  several  additions. 

IIL  Friction  of  am  orjfice  vn  a  thin  plate: — 

F  =  0-054 (8.) 

lY.  Friction  of  movihpieoee  or  ent/ranoee  from  rewrvovre  into 
pipes, — Straight  cylindrical  mouthpiece,  perpendicular  to  side  of 
reservoir: — 

F  =  0-505 (9.) 

The  same  mouthpiece  making  the  angle  t  with  a  perpendicular 
to  the  aide  of  the  reservoir : — 

F  =  0-505  +  0-303  sin  i  +  0-226  sin^  t .(10.) 
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For  a  mouthpiece  of  the  form  of  the  "  contracted  vein,"  that  ia^ 
one  of  such  a  form,  that  if  6?  be  its  diameter  on  leaving  the  reser- 
voir, then  at  a  distance  ^~  2  from  the  side  of  the  reservoir  it  con- 
tracts to  the  diameter  *7854  d, — ^the  resistance  is  insensible,  and 
F  nearly  =  0. 

Y.  Friction  <U  sudden  enla/rgemeTits, — Let  A  be  the  sectional 
area  of  a  channel,  in  which  a  slnice,  or  slide  valve,  or  some  such 
object^  produces  a  sudden  contraction  to  the  smaller  area  a,  fol- 
lowed by  a  sudden  enlargement  back  again  to  the  original  area  A. 
Let  V  =  Q  -T-  A  be  the  velocity  in  the  enlaiged  part  of  the  channel 
The  effecHve  area  of  the  orifice  a  will  be  c  a,  c  being  a  co-^ident  of 

cantracUon  whose  value  may  be  taken  at  -62  -j-  a  /  1  —  '62  ^. 

Let  the  ratio  in  which  the  channel  is  suddenly  enlaiged  be  denoted 
by 

,  =  A  -  c  a=  ^(2-62  ^  -  1-62) (11.) 

Then  mv  is  the  velocity  in  the  most  contracted  part  It  appears 
that  all  the  energy  due  to  the  difference  of  the  velocities,  m  v  and  v, 
is  expended  in  fluid  friction,  and  consequently  that  there  is  a  loss 
of  head  given  by  the  formula — 

(«-!)* -^J (12.) 

80  that  in  this  case 

F  =  (w-l)2 (12  A.) 

YL  Friction  in  pipes  and  conduits. — Let  A  be  the  sectional  area 
of  a  channel;  b  its  border,  that  is,  the  length  of  that  part  of  its 
girth  which  is  in  contact  with  the  water;  I  the  length  of  the  chan- 
nel; then,  for  the  friction  between  the  water  and  the  sides  of  the 
channel — 

F=/-xJ (13.) 

iu  which  the  oo-efficient/has  the  following  values : — 

For  iron  pipes, ./=  0-0036  +  ^^^ (U.) 

For  open  conduits,..,.. /=  0-00741  +  2^?^ (15.) 

V 

The  ratio  j-  is  called  the  ^^hydratdic  mean  depth^  of  the  channel,  and 
for  cylindrical  and  square  pipes  running  full  is  obviously  cne-fowrUi 
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of  the  diameter ;  and  the  name  is  its  value  for  a  semi-cylindrical  open 
conduit,  and  for  an  open  conduit  whose  sides  are  tangents  to  a  semi- 
circle of  a  diameter  equal  to  twice  the  greatest  depth  of  the  conduit. 
In  an  open  conduit^  the  loss  of  head — 

*=ir  2? ^^®> 

takes  place  as  an  actual  &11  in  the  surface  of  the  water,  producing 
a  declivity  at  the  rate— 

*=-^.^-  ...(17.) 

and  by  the  last  two  formula  are  to  be  determined  the  &11  and  the 
rate  of  declivity  of  open  head  races  and  tail  races  of  given  dimen- 
sions, which  are  to  convey  a  given  flow.  In  close  pipes,  the  loss  of 
head  takes  place  in  the  virtual  head  due  to  the  pressure. 

VIL  For  bends  in  drculcMr  pipes,  let  d  he  the  diameter  of  the 
pipe,  r  the  radius  of  curvature  of  its  centre  line  at  the  bend,  t  the 
angle  through  which  it  la  bent»  t  two  right  angles ;  then,  according 
to  Professor  Weisbach — 

F  =  i  {  0.131  +  1-847  (^)*  } (18.) 

VIIL  For  beTuis  in  recUmgtUcur  pipes : — 

F  =  i  {  0124  +  3104  (^)*  } (19.) 

IX.  For  knees,  or  sharp  turns  in  pipes,  let  t  be  the  angle  made 
by  the  two  portions  of  the  pipe  at  the  knee ;  then 

F  =  0-946  sin2  5  +  205  sin*-i (20.) 

X.  Summary  of  losses  of  head. — Let  f/  be  the  velocity  of  the 
current  in  the  tail  race;  F  the  &ctor  of  resistance  for  the  tail  race; 
V  the  velocity  in  any  other  part  of  the  course  of  the  water;  F  the 
proper  factor  of  resistance  for  that  part  of  the  course;  then  the 
whole  loss  of  head  may  be  thus  expressed : — 

*=<i  +  ^r,+2-^^ <2i.) 


100.  The  Arti—  mf  tb«  Water  •■  Um  BagfaM  has  already  been 
distinguished,  in  Articles  96  and  98,  as  taking  place  in  three 
ways :"— 
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I.  By  weight. 

IL  By  pressure. 

IIL  By  impulse. 

Now,  in  all  those  three  modes  of  acting,  the  im/rMdvaJtA  effort  by 
which  energy  is  exerted  by  the  water  on  the  engine  is  a  pressure 
between  a  certain  layer  of  the  water  and  the  surfsu^e  of  a  moving 
piece,  whether  a  bucket,  a  piston,  a  vane,  or  another  fluid  mass 
which  that  layer  of  water  drives  before  it;  and  the  original  cause  of 
that  ejBTort  is  the  weight  of  the  descending  stream.  The  distinction 
set  forth  arises  in  tiie  nature  of  the  process  whereby  the  weight 
causes  the  pressure. 

I.  When  the  water  is  said  to  act  by  weight,  portions  of  it  are 
poured  into  buckets,  and  the  pressure  by  which  each  bucket  is 
driven  is  the  direct  edffect  of,  and  simply  equal  to  the  weight  of  the 
water  contained  in  the  bucket,  and  acts  vertically  downwards,  its 
resultant  traversing  the  centre  of  gravity  of  the  mass  of  water  in 
the  bucket. 

Waste  of  energy  may  occur  in  this  case  through  spilling  of  the 
water  from  the  buckets  during  their  descent,  or  through  the  remain* 
ing  of  water  in  the  buckets  during  their  ascent  The  latter  cause 
of  waste  of  energy  ought  not  to  operate  to  any  sensible  amount 
in  a  well  designed  madiine.  The  former  ought  to  be  reduced  to 
as  small  an  amount  as  possible. 

II.  When  the  water  is  said  to  act  5y  pressure,  the  pressure  which 
drives  the  piston  or  vane  acted  upon  is  not  simply  the  effect  of  the 
weight  of  a  poi'tion  of  water  descending  along  with  it,  but  is  the 
effect  of  the  weight  of  some  more  or  less  distant  mass  of  water 
transmitted  through  an  intervening  mass,  and  altei-ed  to  any  ex- 
tent in  direction  and  in  the  velocity  of  its  action. 

III.  When  the  water  is  said  to  act  6y  impulse,  its  weight,  either 
directly,  or  through  intervening  pressure,  is  allowed  to  act  freely  to 
such  an  extent  as  to  produce  a  jet  or  current  of  a  certain  velocity, 
whose  particles,  coming  in  contact  with  a  float  board  or  vane,  or 
another  fluid  mass,  have  that  velocity  either  diminished  or  taken 
away;  and  during  that  operation  they  exert  a  pressure  against  the 
float  board  or  vane,  or  the  driven  mass  of  fluid,  proportional  to  the 
momentum  which  is  taken  away  from  them  in  each  second. 
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CHAPTER  IIL 

OF  WATER  BUCKET  ENOIKES. 


101.  The  Water  Backet  K#Im,  the  simplest  engine  driven  di- 
rectly by  the  weight  of  water,  is  frequently  used  for  raising  waggons 
of  ooal  and  other  materials  to  an  elevated  platform.   It  consists  of — 

L  A  strong  timber  frame,  supporting  at  the  top  one  or  more 
large  pulleys. 

£L  a  chain  passing  over  the  pulleys. 

IIL  A  cage  for  waggons,  hung  to  one  end  of  the  chain,  and 
moving  between  vertical  guides.  The  upper  and  lower  platforms, 
between  which  the  cage  travels,  should  be  provided  with  strong 
catches  to  fix  the  cage  at  the  higher  and  lower  levels  when  required. 

I Y.  A  water  bucket,  hung  to  the  other  end  of  the  chain,  usually 
moving  between  vertical  guides,  and  having  a  valve  in  the  bottom, 
opening  upwards,  for  discharging  the  water.  This  valve  may  be 
made  self-acting,  by  making  its  spindle  project  downwards,  below 
the  bottom  of  the  bucket,  so  that  when  the  bucket  has  finished  its 
descent,  the  spindle  may  strike  upon  a  floor  and  lift  the  valve;  but 
in  some  cases  it  is  more  convenient  that  the  valve  should  be  opened 
by  hand.  Bectangular  wooden  buckets  are  used;  but  for  lightness 
and  strength,  the  best  material  is  sheet  iron,  and  the  best  iSiape  a 
cylindrical  body  with  a  hemispherical  bottom. 

V.  A  leaervoir  and  spout  for  filling  the  bucket  when  it  is  at  the 
higher  level  The  valve  of  the  spout  may,  if  required,  be  made 
self-acting,  by  causing  it  to  be  opened  by  the  rising  and  shut  by  the 
fidling  of  a  weighted  lever,  Which  is  lifted  by  the  edge  of  the 
bucket  when  it  reaches  the  top  of  its  ascent,  held  up  until  i^e  bucket 
is  full,  and  allowed  to  drop  When  the  bucket  begins  to  descend 

YL  A  drain  or  tail  race,  to  cany  away  the  water  discharged 
from  the  bucket  at  the  lower  level 

YIL  A  brake,  which  may  be  applied  to  one  of  the  pulleys. 

It  is  advisable,  for  safety's  sake,  in  most  cases,  to  enclose  the 
ooorae  of  the  cage  and  that  of  the  bucket  in  light  wooden  casings. 

The  weight  of  the  imloaded  cage  ought  to  be  somewhat  in  excess 
of  that  of  the  empty  bucket,  added  to  the  friction  of  the  machine 
when  unloaded. 

The  weight  of  the  full  bucket  ought  to  be  somewhat  in  excess  of 
that  of  the  loaded  cage,  added  to  the  friction  of  the  machine  when 
loaded. 
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The  friction  is  from  one-tenth  to  one-twentieth  of  the  grosB  load. 

In  order  that  the  weight  of  the  chain  may  always  be  balanced, 
two  pieces  of  chain  with  their  lower  ends  lying  loose  on  the  ground 
are  hung,  the  one  from  the  bottom  of  the  cage,  and  the  other  from 
the  bottom  of  the  bucket 

The  bucket  hoist  is  a  bulky  and  heavy  machine,  and  slow  in  its 
operation ;  but  fix>m  its  great  simplicity,  it  is  easy  to  make,  main- 
tain, and  manage,  and  very  durable  Its  reservoir  may  be  sup- 
plied by  a  natural  source,  where  one  is  available  ;  in  other  cases, 
water  may  be  raised  to  it  by  a  pump  worked  by  a  steam  engine. 
The  latter  combination  is  a  good  means  of  economizing  power  when 
lieavy  loads  have  to  be  lifted  during  short  times  and  at  distant 
intervals.  During  the  intervals  when  the  hoist  is  standing  idle, 
the  steam  engine  is  still  storing  energy  by  pumping  water  into  the 
reservoir;  so  the  work  performed  by  the  hoist  during  a  few  hours 
of  each  day  may.be  distributed,  so  £Bir  as  the  exertion  of  energy  by 
the  steam  engine  is  concerned,  over  the  whole  twenty-four  hours ; 
and  a  steam  engine,  quite  inadequate  to  lift  the  load  to  be  raised 
directly,  may  thus  be  made  to  perform  the  whole  work  easily  by 
the  intervention  of  the  reservoir  and  hoist  as  means  of  storing  and 
restoring  energy. 

102.  I.M0  •f  K«id  iM  Baekct  K«iacik— -The  actual  energy  with 
which  the  water  runs  from  the  reservoir  into  the  bucket^  and  from 
the  bucket  into  the  tail  race,  is  wholly  wasted  in  fluid  friction. 
Therefore  in  every  bucket  engine,  besides  the  fall  of  the  tail  race, 
there  is  a  loss  of  head  equal  to  the  height  of  the  sur&oe  of  the 
water  in  the  i^eservoir  above  the  highest  level  of  the  surface  of  the 
water  in  the  bucket,  added  to  the  height  of  the  surface  of  the  water 
in  the  bucket  when  at  the  bottom  of  its  stroke  above  the  surface  of 
the  water  in  the  tail  race ;  that  is,  the  depth  of  the  bucket  at  least 
In  other  words,  while  the  total  head  is  the  elevation  of  the  top 
water  of  the  reservoir  above  the  outfedl  of  the  tail  race,  the  aioaU- 
dUe  head  is  the  height  through  which  the  bucket  descends  only. 

103.  A  HkmmMm  AittOm^  Back«t  BagfaM  has  sometimes  been  used, 
consisting  of  a  balanced  beam,  having  a  pair  of  equal  and  similar 
buckets  hung  to  its  two  ends,  which  rise  and  &11  alternately.  Each 
bucket,  on  arriving  at  the  top  of  its  stroke,  is  filled  with  water  hy 
a  spout  from  a  reservoir,  with  a  valve  which  is  opened  and  closed 
by  the  mechanism.  On  arriving  at  the  bottom  of  its  stroke,  each 
bucket  is  emptied  through  a  self-acting  valve  in  its  bottom  into  the 
tail  race.  Thus,  as  in  tiie  bucket  hoist,  the  buckets  descend  full 
and  ascend  empty;  and  the  energy  due  to  the  descent  of  the  water 
in  them  is  employed  to  work  pumps,  or  otherwise. 

The  chief  advantage  of  this  kind  of  machine  is  its  adaptation  to 
regions  where  only  rude  workmanship  can  be  obtained. 


107 


CHAPTER  IV. 

OF    WATEB    PRESSUBE    ENGINES. 

Section  1. — General  Principles. 


104.  Pans  •r  a  Water  Piu— il  BastaMi — In  a  water  preesnre 
eDgine,  the  several  principaL  parts  mentioned  in  Article  95  as  be- 
longing to  water  power  engines  in  general,  take  forms  suited  to 
that  class  of  engine. 

L  The  head  race  consists  of  a  'supply  pipe  leading  from  a  reser- 
voir to  the  working  cylinder.  That  pipe,  together  with  the  reser- 
voir, constitute  what  is  called  the  pressure  column.  Besides  the 
r^pdator,  to  be  presently  mentioned,  there  should  be  a  stop  valve 
or  sluice  at  the  upper  end  of  the  supply  pipe,  in  or  close  to  the 
reservoir,  so  that  in  the  event  of  an  accident  occurring  to  the  supply 
pipe,  the  current  of  water  may  be  prevented  from  entering  it. 
There  should  also  be  a  grating  to  prevent  the  entrance  of  solid 
bodies  from  the  reservoir. 

All  water  contains  air  dif^sed  through  it,  and  most  water  con- 
tains sediment.  If  there  are  summits  and  hollows  in  the  course  of 
the  supply  pipe  (which  is  often  of  great  length),  the  air  collects  at 
the  former  and  the  sediment  at  the  latter.  There  should  be  a  cock 
at  the  np|)er  side  of  each  summit  in  the  course  of  the  pipe,  for 
blowing  off  air,  and  at  the  lower  side  of  each  hollow  for  blowing  off 
sediment. 

IL  The  bye  wash  has  no  peculiarities  arising  from  the  class  of 
engines. 

ILL  The  regulator  is  a  valve  of  one  or  other  of  certain  kinds  to 
be  afterwards  mentioned,  which  are  capable  of  being  adjusted  to 
any  required  extent  of  opening. 

lY.  The  engine  proper  consists  of  a  piston  moving  in  a  cylinder, 
together  with  the  valves  for  admitting  and  discharging  the  water 
from  the  cylinder.  The  engine  is  single  acting  or  double  acting 
according  as  the  water  acts  on  one  &ce  of  the  piston  only  or  on 
each  &ce  alternately. 

The  valves  are  sometimes  worked  by  hand,  in  which  case  the 
same  valve  may  act  as  the  regulator  and  the  admission  valve, — 
sometimes  by  mechanism  directly  diiven  by  the  piston  of  the 
engine, — and  sometimes  by  a  small  auxiliary  water  pressure 
engine. 
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The  place  of  the  piston  is  sometimes  supplied  by  a  mass  of  air ; 
in  which  case  the  alterations  of  volume  of  that  air  require  to  be 
taken  into  account. 

V.  The  tail  race  consists  of  a  discharge  pipe,  whose  final  outlet 
may  be  either  at,  below,  or  above  the  level  of  the  cylinder. 

lOd.  SactioH  Pipe* — ^The  pressure  of  the  water  at  the  outlet  of 
the  discharge  pipe  is  equal  to  that  of  the  atmosphere,  added  to  that 
due  to  the  depth  at  which  the  water  outside  the  pipe  stands  above 
that  outlet;  so  that  when  the  outlet  is  below  the  level  of  the  piston, 
the  pressure  within  the  upper  end  of  the  discharge  pipe,  and  in  the 
cylinder  while  the  water  is  being  discharged,  may  be  less  than  the 
atmospheric  pressure.  In  this  case,  the  (Sscharge  pipe  is  called  a 
sticUon  pipe,  and  the  pressure  at  its  upper  end  is  described  by 
stating  hi/  how  nmch  it  is  below  the  cUmospheric  presstire,  either  in 
pounds  on  the  square  inch  or  square  foot,  or  in  feet  of  water,  and 
that  deficiency  of  pressure  is  conventionally  called  so  many  pounds 
on  the  inch  or  foot,  or  so  many  feet,  "  of  vcbouum,*^  Thus,  if  the 
atmospheric  pressure  is  14  7  lbs.  on  the  square  inch,  being  equi- 
valent to  33*9  feet  of  head  of  water,  and  the  absolute  pressure  in 
the  cylinder  during  the  discharge  is  two  lbs.  on  the  square  inch, 
being  equivalent  to  4*6  feet  of  head  of  water,  that  pressure  is 
described  as  12*7  lbs.  on  the  square  inch,  or  29*3  feet,  of  vactMon. 
This  mode  of  expression  has  been  adopted  on  account  of  the  prac- 
tical convenience  of  reckoning  pressures  from  that  of  the  atmo- 
sphere as  an  arbitrary  zero. 

The  absolute  pressure  against  the  piston  during  the  discharge  is 
equal  to  the  atmospheric  pressure,  added  to  the  pressure  required 
to  overcome  the  resistance  of  the  dischaige  pipe,  less  the  pressure 
due  to  the  elevation  of  the  upper  surface  of  the  water  beneath  the 
piston  above  the  bottom  of  the  &1L  There  never  acts  in  water,  at 
all  events  in  agitated  water,  negative  pressure  (that  is,  tension)  to 
an  amount  appreciable  in  practice;  therefore,  the  height  of  the 
upper  surface  of  the  water  beneath  the  piston  can  never  be  greater 
than  the  head  due  to  the  atmospheric  pressure,  added  to  the  head 
lost  in  overcoming  the  friction  in  the  discharge  pipe.  Should  the 
height  of  the  piston  itself  above  the  bottom  of  the  &11  be  greater 
than  this,  the  water  in  the  cylinder,  on  the  opening  of  the  discharge 
valve,  will  not  continue  in  contact  with  the  piston,  but  will  sud- 
denly drop  down  to  the  level  given  by  the  principle  just  stated, 
leaving  between  itself  and  the  piston  what  is  commonly  called  a 
"  vacuum  "  or  "  empty  space,"  b^g  in  reality  a  space  filled  with 
rare  vapour.  The  height  of  that  space  is  so  muc^  head  lost;  its 
existence  tends  to  make  the  piston  leak,  and  its  periodical  empty- 
ing and  filling  is  accompanied  by  shocks  or  abrupt  motions  in  the 
water,  which  tend  to  injure  and  wear  out  the  machine;  therefore. 
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its  fomiation  onght  to  be  avoided;  and  for  that  purpose  the  height 
of  the  piston  above  the  bottom  of  the  fall  ought  never  to  be  greater 
than  that  due  to  the  least  atmospheric  pressure  and  the  resistance 
of  the  discharge  pipe.  Now,  the  water  in  the  discharge  pipe  is  some- 
times at  rest,  and  then  the  resistance  is  nothing;  so  that  we  arrive 
finally  at  this  rule: — The  grecUegt  height  of  the  pigtan  above  the 
hoUom  of  the  fall  ought  not  to  exceed  the  head  o/toater  equwalent  to 
the  lecut  aimoepheric  preeaure  m  the  locality, 

106.  The  ij«ut  AxmrnrntHMoO^  Fiu— la  at  the  level  of  the  sea  is 
about  2%  inches  of  mercury,  or  13*75  lbs.  on  the  square  inch,  or 
31-7  feet  of  water. 

The  ratio  in  which  the  least  atmospheric  pressure  is  less  than 
the  above  amount  at  a  given  elevation  {z)  above  the  level  of  the 
sea^  is  computed  with  sufficient  exactness  for  practical  purposes  by 
the  following  formula,  in  which  p^  is  the  pressure  at  the  level  of 
the  sea,  and  p^  the  pressure  at  the  elevation  of  z  feet : — 

^°«^;  =  6olr6 <^-) 

In  the  absence  of  tables  of  logarithms,  the  following  formida, 
deduced  from  one  proposed  by  Mr.  Babinet^  is  {^proximately 
correct^  for  heights  not  exceeding  3,000  feet : — 

p^  _  52400  ^  z  . 

Po  ""  52400  +  z ^   ' 

When  the  height  exceeds  3,000  feet,  divide  it  into  a  series  oitAo/gee^ 
each  not  exo^9ding  3,000  feet  in  height;  calculate  the  ratio  of  the 
pressures  at  the  top  and  bottom  of  each  stage,  and  multiply 
together  the  several  ratios  so  found  for  the  ratio  of  the  pressures  at 
the  top  and  bottom  of  the  entire  height. 

For  moderate  heights,  the  following  rule  is  sufficient : — dedmi 
from  the  preaewre  one-hundredth  paH  of  itsdf  for  each  262  fe^  of 
eievaUon, 

107.  BzpMMlMi  •r  Water  ^  Beat— Arrv«cteuite  F«nBBl«— Cmh- 
pMtigM  af  VmM»  mf  Piij— re, — It  is  seldom  necessary  in  calculations 
oonnected  with  water  pressure  engines  to  take  into  account  the 
expansion  of  water  by  heat;  but  in  the  event  of  its  being  at  any 
time  requisite  to  do  so,  the  following  formula,  although  only  a 
rough  approximation  in  a  scientific  point  of  view,  is  sufficiently 
accurate  for  the  practical  purpose  in  question,  and  is  extremely 
convenient,  firom  the  ease  and  rapidity  with  which  its  results  can 
be  computed,  especially  when  a  table  of  reciprocals  is  at  hand : — 

Let  Do  =  62-i25  lbs.  to  the  cubic  foot,  be  the  maximum  density 
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of  water;  D^  its  density  at  a  given  temperature  of  T"  on  Fahren- 
heit's scale;  then 

T.  1  2  Do 

D,nearly  =  ^^^g^,  500 

500     "^  r  +  46r 

At  212°,  this  formula  gives  too  great  a  result  by  about  yij ;  at 
lower  temperatures  its  errors  are  much  smaller. 

Comparison  of  Heads  of  Water  in  Feet  with  Pressures  in 
Various  Units. 

One  foot  of  water  at  39^*1  Fahr.  =  62*425    lbs.  on  the  square  footw 
,y  „  0*4335  ^^  ^^  ^^  square  inch. 

„  „  0*0295  atmosphere. 

„  „  0*8826  inch  of  mercury  at  32°. 

( feet  of  air  at  32°,  and 
'»  "  '73  3         ^1  atmosphere. 

One  lb.  on  the  square  foot, o 'o  1 602  foot  of  water. 

One  lb.  on  the  square  inch, 2  '307      feet  of  water. 

One  atmosphere  of  29*922  inches  ) 

of  mercury, /    33*9  »        » 

One  inch  of  mercury  at  32°, i'i33  »         » 

One  foot  of  air  at  32°,  and  one  )    0*00120^ 

atmosphere, J  "^       "         " 

One  foot  of  average  sea  water, i  '026        foot  of  pure  water. 
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indicating  the  intensity  of  the  pressure  of  a  fluid  contained  in  a 
close  vessel  are  called  "pressure  gauges,"  or  "vacuum  gauges," 
according  as  they  show  how  much  that  pressure  is  above  or  how 
much  it  is  below  that  of  the  atmosphere.  Frequently  the  same 
instrument  answers  both  those  purposes.  Of  this  an  example  has 
already  been  given,  in  the  Indicator  (Articles  43, 44),  which  can  be 
applied  to  water  pressure  engines  as  well  as  to  the  steam  engine. 
The  following  are  three  examples  of  other  kinds  of  gauges  : — 

I.  The  mercimal  pressiMre  gcmge  is  the  most  exact  for  scientiflc 
purposes.  It  consists,  like  a  siphon  barometer,  of  an  inverted 
siphon,  or  U-shaped  tube,  the  lower  part  of  which  contains  mer- 
cury, and  whose  vertical  legs  have  a  scale  attached  alongside  of 
them,  divided  either  into  inches  and  decimals,  or  divisions  corre- 
sponding to  pounds  on  the  square  inch,  or  other  convenient  units  of 
pressure.  One  1^,  by  means  of  a  brass  nozzle,  commimicates  with 
the  vessel  within  which  the  fluid  is  contained;  the  other  is  open  to 
the  air.     The  mercuiy  stands  lowest  in  that  leg  in  which  the 
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presBore  on  its  upper  sui&oe  is  most  intense;  and  the  difference  of 
level  of  the  mercuiy  in  the  two  legs  indiqates  the  difference  between 
the  pressure  in  the  vessel,  and  the  atmospheric  pressure. 

To  determine,  if  required,  the  absolute  pressure  within  the  vessel, 
the  absolute  pressure  of  the  atmosphere  at  the  time  of  observation 
may  be  ascertained  by  means  of  an  ordinary  barometer. 

Mercurial  vacuum  gauges  are  sometimes  used,  which  indicate 
dir&sUy  the  absolute  pressure  within  a  vessel,  by  being  constructed 
exactly  like  a  barometer,  having  the  1^  containing  the  mercurial 
column  that  balances  the  pressure  to  be  measured  dosed  hermeti- 
cally at  the  top,  with  a  Torricellian  vacuum  above  the  mercury, 
produced  in  the  usual  way,  by  inverting  the  tube  and  boiling  the 
mercuiy  in  it. 

It  is  necessary  to  accurate  measurement,  that  the  scales  of  mer- 
curial pressure  gauges  should  be  exactly  vertical 

The  rektioDS  stated  in  Articles  6  and  107  between  inches  of 
mercury  and  other  units  of  intensity  of  pressure,  have  reference  to 
a  temperature  of  32°  Fahrenheit.  For  any  other  temperature,  T°, 
on  FaJirenheit*8  scale,  let  hi  be  the  observed  height  of  a  mercurial 
column,  and  h  the  corresponding  height  redwsed  to  32"^;  then 

^  "  1  +  0-0001008  (T°  -  32°) ^^'^ 

n.  The  atr  manometer  consists  of  a  long  vertical  glass  tube, 
dosed  at  the  upper  end,  open  at  the  lower  end,  containing 
air,  provided  with  a  scale,  and  immersed/  along  with  a  thermo- 
meter, in  a  transparent  liquid,  such  as  water  or  oil,  contained  in  a 
strong  cylinder  of  glass,  which  communicates  with  the  vessel  in 
which  the  pressure  is  to  be  ascertained.  The  scale  shows  the 
volume  occupied  by  the  air  in  the  tube. 

Let  v^  be  that  volume,  at  the  temperature  of  32°  Fahrenheit,  and 
mean  pressure  of  the  atmosphere  /^;  let  v^  be  the  voltime  of  the  air, 
at  the  temperature  T°,  and  under  the  absolute  pressure  to  be 
measured,  j>^;  then 

(T°-h461°)yot>o 

^1-  — 493° -t^i      : ^^'> 

IIL  BmvrdonC%  ga/uge  is  the  most  useful  yet  known  for  practical 
purposea.  Its  ordinary  construction  is  represented  in  fig.  26.  A  is 
a  cock,  communicating  with  the  vessel  in  which  the  pressure  is  to 
be  measured.  BB  is  a  curved  metallic  tube,  communicating  with 
A  at  one  end,  and  closed  at  the  other.  The  cross-section  of  this 
tube  is  of  the  flattened  form  represented  in  fig.  27,  and  its  greatest 
breadth  is  in  the  direction  perpendicular  to  the  plane  in  which  the 
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Fig  27. 
closed  end  of  the 


tube  is  curved.    When  the  pressure  within  the  tube  is  greater  than 
the  pressure  without,  the  tube  becomes  less  curved;  when  the 

pressure  without  is 
the  greater,  it  be- 
comes more  curved. 
The  motions  of  the 
tube  are  communi- 
cated either  through  the  link  0  D,  and 
lever  D  E,  or  by  means  of  wheel-work, 
to  the  index  E  F,  which  points  to  a 
graduated  arc.     The  positions  of  the 
graduations  on  the  arc  are  fixed  by 
comparison    either   with  a  mercurial 
gauge  for  moderate  pi'essures,  and  an 
air  manometer  for  very  high  pressures, 
or  with  another  Bourdon's  gauge  known 
to  be  correctly  graduated. 

These  gauges  can  be  made  of  any 
required  degree  of  sensibility,  so  that 
some  are  suited  to  measure  pressures 
of  less  than  one  atmosphere,  and  others 
to  measure  pressures  of  several  thousand  lbs.  on  the  square  inch. 
Their  mechanism  is  usually  contained  in  a  cylindrical  brass 
box,  and  the  dial  plate  and  index  are  protected  by  a  plate  of  glajss. 
They  can  be  screwed  in  every  required  position  upon  machines 
acting  by  the  pressure  of  fluids. 

108.  Fixing  Diameter  ef  Sapplj  Pipe* — In  designing  a  water 
pressiure  engine,  it  is  often  necessary  to  fix  the  diameter  of  the 
supply  pipe  so  that  it  shall  deliver  a  given  number  of  cubic  feet  of 
water  per  second  with  a  loss  of  head  not  exceeding  a  given  limit. 

Let  h  denote  the  prescribed  greatest  loss  of  head,  in  feet.  This 
must  correspond  to  the  greatest  velocity,  and  therefore  to  the 
greatest  flow,  through  the  supply  pipe. 

Let  Q  be  the  number  of  cubic  feet  of  water  required  by  the 
engine  per  second,  and  Q'  the  greatest  flow  per  second  through  the 
supply  pipe.  Then  if  the  piston  moves  for  a  considerable  period 
with  a  continuous  motion  in  one  direction  (as  in  hydraulic  hoists), 
if  the  engine  is  double  acting,  with  an  uniformly  moving  piston,  or 
if  it  has  a  pair  of  single  acting  cylinders  with  pistons  moving  alter- 
nately and  uniformly, 

Q'  =  Q  nearly; (1.) 


Fig.  26. 


If  the  engine  drives  a  rotating  crank  shaft, 
Q'=  1-57  Q  nearly; 


.(lA.) 
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if  the  engine  has  only  one  single  acting  cylinder,  and  Q  is  reckoned 
per  aeoond  of  the  vjhoU  Htm  occupied  hy  the  piston  in  descending  clb 
weU  as  in  rising,  the  water  stands  still  in  the  supply  pipe  while  the 
piston  is  descending,  and,  therefore,  in  this  case, 

Cy  =  2  Q  nearly.... (2.) 

It  has  already  been  stated,  in  Article  99,  that  the  loss  of  head 
in  a  straight  pipe  is  given  by  the  formida 

A=/L^A (3.) 

/  being  the  length,  b  the  circumference,  A  the  sectional  area,  and 

/=  0-0036  H-^ (4.) 

A      d 
In  a  cylindrical  pipe  of  the  diameter  ^9  -r  =  t  >  ^^^  therefore, 

the  equations  3  and  4  may  be  reduced  to  the  following  form  : — 

"    ^T'Wi.' (^-^ 

4/=  0-0144 +  ^2 (6.) 

Now  A  ^  •  7854  d^y  and,  therefore,  the  velocity  in  the  pipe  has 
the  following  value : — 

Q'          Q' 
^  "  A  "  -7854^2' (^'^ 

and  the  height  due  to  the  velocity, 

64-4  ~  39-73  #' : ^*' 

which,  being  introdufled  into  equation  5,  gives 

and  oonseqnently 


*- 39-73  <^' ^^f 


'*-^-*=(ym)* (^<>> 


In  this  formula,  the  co-efficient  of  friction /depends  on  the  velocity, 
which  itself  depends  on  the  diameter  d,  being  the  quantity  sought 

I 
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It  is,  therefore,  neceasary  to  assume  in  the  first  place  an  approxi- 
mate value  for  4^1     The  value  commonly  assumed  is 

0-0258, 

which  gives,  for  iAke  first  a/pproximMtion  to  the  diameter  of  the  pipe, 

d  =  (0O0065  ^^*  =  0-2304  (^-^* (H) 

The  approximate  diameter  thus  found  is  to  be  substituted  in  equa- 
tion 7,  to  find  an  approximate  velocity;  from  which  is  to  be 
deduced,  by  equation  6,  a  corrected  value  of  4  ^J  which  being 
employed  in  equation  10,  gives  a  second  approximation  to  the 
diameter  of  the  pipe ;  and  this  is  almost  always  sufficiently  accurate. 

To  provide  for  unforeseen  causes  of  increased  resistance,  such  as 
the  deposit  of  a  crust  in  the  pipe,  it  is  customary  to  add  one-sixth, 
or  thereabouts,  to  the  diameter  given  by  the  preceding  formulae. 

The  diameter,  though  computed  in  feet,  is  commonly  reduced  to 
inches  when  mentioned  in  the  description  or  specification  of  the 
pipe,  or  written  on  a  drawing. 

The  pipe  is  supposed,  in  this  Article,  te  have  what  it  ought 
always  to  have,  a  mouthpiece  at  ite  upper  end  of  the  form  of  the 
contracted  vein,  whose  resistance  is  nearly  insensible  (Article  99). 

The  formula  for  the  friction  of  water  in  pipes,  which  is  that  of 
Professor  Weisbach,  first  published  in  his  work  on  the  Mechanics 
of  Engineering  J  has  of  late  been  amply  confirmed  by  the  experi- 
ments of  the  same  author  on  velocities  of  flow  up  to  about  forty 
feet  per  second  (see  the  periodical  Civil  Ingerwswr^  new  series, 
voL  v.,  part  1). 

Another  method  of  approximating  to  the  required  diameter  is  as 
follows : — 

Assume  a  diameter  d\  from  which,  by  equation  7,  compute  the 
velocity  t/  corresponding  to  the  required  flow  (y.  From  that  velo- 
city, by  equation  6,  compute  the  co-efficient  4/;  and  thence,  by 
equation  5,  the  loss  of  h^ui  K  corresponding  to  the  assumed  dia- 
meter. If  this  difliers  from  the  assigned  loss  of  head  ^,  the  required 
efiective  diameter  c?  is  to  be  computed  by  the  formula — 


'-"■(f)*^ w 


and  the  actual  diameter  is  to  be  made  one-sixth  greater  than  this 
effective  diameter. 

If  7-  is  a  ratio  differing  little  from  unity,  then 
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rf  =  rf'-[l+i(^-l)}nearly. (12  a.) 

109.  BtfBct  •#  the  BcgidittOT. — Let  A  be  the  sectional  area  of  the 
sapplj  pipe;  a  the  area  of  the  opening  of  the  regulator,  when  par- 
tially closed ;  c  the  co-efficient  of  contraction  of  that  opening, 
as  to  whose  values  for  different  openings,  see  Article  99.  Then  by 
comparing  equations  12  a  and  13  of  Article  99  together,  it  appears 
that  for  eqiuJ  velocities  of  flow  in  the  same  supply  pipe,  the 
resistance  is  increased  by  the  partial  closing  of  the  regulator  in  the 
proportion-^ 


=  (for  a  cylindrical  pipe)  1  + 


d 


Let  this  be  ezpreased,  for  brevity's  sake,  by 

1  +  »  :  1. 

This  increased  resistance  may  take  effect  either  in  increasing  the 
loss  of  head,  or  in  diminishing  the  flow,  or  in  both  ways  at  once ; 
but  in  any  case,  if  Q,  represents  the  flow  and  h^  the  loss  of  head, 
with  the  pipe  uninterrupted,  and  Qj  the  flow  and  Aj  the  loss  of 
head,  with  tiie  regulator  partially  dosed;  then 

^=^+"==^=1 (2) 

The  same  principle  may  also  be  expressed  in  the  following  way : — 
let  fiQy  t«i,  be  the  effective  mean  speed  of  the  piston  of  the  engine 
oorresponding  to  the  discharges  Qo,  Q^ ;  then 

1  :  1+n  ::  ^  ',\ (3.) 

It  is  better  for  economy  of  power  that  the  contraction  of  the  regu- 
lator should  take  effect  by  diminishing  the  speed  of  the  engine  than 
by  increasing  the  loss  of  head;  for  the  volume  of  water  whose 
passage  is  prevented  by  a  diminution  of  speed  can  be  stored  in  the 
reservoir  for  future  use;  but  an  increased  loss  of  head  gives  rise  to 
an  irretrievable  waste  of  energy. 
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110.  Aetimm  •#  Om  Water  •■  tke  PlMMb — In  a  single  acting  en- 
gine, let 

H^  denote  the  height  of  the  top  of  the  fall  aboTe  the  mean  level 
of  the  face  of  the  piston,  the  action  of  the  water  on  which  is  under 
consideration; 

h^y  the  loss  of  head,  by  the  Mddon  of  the  water  in  the  supply 
pipe,  regulator,  valve  ports,  and  cylinder; 

Q,  the  mean  flow,  in  cubic  feet  per  second; 

D,  the  weight  of  one  cubic  foot  of  water; 

A,  the  area  of  the  piston,  in  square  feet; 

j9j,  the  mean  intensity  of  the  effort  exerted  by  the  water  on  the 
piston  during  the  forwu^d  stroke,  in  lbs.  on  the  square  foot; 

Uf  the  mean  velocity  of  the  piston,  in  feet  per  second; 

^^,  the  co-efficient  of  friction  of  the  piston  and  mechanism,  so 
that  (1  —i^)Pi  is  the  intensity  of  the  uaefvl  load;  then 

;'i  =  D(Hi-Ax); (1.) 

A  j!?i  =  D  (Hj  -  Aj)  A  =  total  effort  of  the  water  on  the 

piston; « (2.) 

2Q 

«=-r' ^'•) 

energy  is  exerted  by  the  water  on  the  piston  during  the  forward 
stroke,  at  the  mean  rate  of 

«  A;?i  =  2  D  Q  (Hj-Ai)  ft.-lb.  per  second; (1) 

and  uasfvl  work  performed,  at  the  rate  of 

2(l-A^>A;?i  =  2(l-i(0I>Q(Hi-^ (5.) 

The  value  of  V*y  from  experiments  of  the  Messrs.  More  and  the 

Author,  is  about  y^. 

Further,  let 

Hj  be  the  mean  height  of  the  &ce  of  the  piston  above  the  bot- 
tom of  the  fall  (not  exceeding  31  7  feet).— If  the  bottom  of  the  &11 
is  above  the  mean  level  of  the  piston  flEkce,  Hj  is  to  be  made  ne- 
gative; 

h^f  the  loss  of  head  in  the  discharge  pipe  and  valves ; 

p^  the  mean  intensity  of  the  effort  exerted  on  the  piston  during 
the  back  stroke;  then 

i>,  =  D(Hj-A2); (6.) 

A|?2  =  I>(H2-As)A (7.x 
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If  Hg  is  less  than  h^  or  negative,  these  expressions  become  nega- 
tive, and  reprissent  resiskmce  exerted  by  the  water  again^  Sie 
piston. 

I>i]ring  the  return  stroke  energy  is  exerted  on  the  piston  at  the 
mean  rate  of 

u  A/>2  =  2  D  Q  (H,- Ag)  ft.-lb.  per  second. (8.) 

If  this  expression  is  negative,  it  represents  work  lost  in  forcing  the 
water  out  of  the  cylinder. 

Finally,  taking  the  mean  of  the  expressions  4  and  8,  we  find  for 
the  whole  energy  exerted  by  the  water  on  the  piston,  per  second — 

=  DQ(H-A); (9.) 

H  =  Hi  +  Hg  being  the  total  fall,  and 
&  =  A^  +  As  the  totd  loss  of  head; 
while  the  useral  work  per  second  is 

(1-A0BQ(H-A), (10.) 

and  the  combined  efficiency  of  the  fall  and  engine— 

{i-^^-h)i („) 

This  varies,  in  different  cases,  from  about  0-67  to  about  0*8. 

Section  2. — 0/  Valves, 

111.  TalTM  te  GMMiriU»  considered  with  reference  to  the  means 
by  which  they  are  moved,  may  be  divided  into  three  principal 
classes: — ^Valves,  sometimes  called  clacks,  which  are  opened  and 
shut  by  the  pressure  of  the  fluid  that  traverses  their  openings,  and 
are  usually  intended  for  the  purpose  of  permitting  the  passage  of 
the  fluid  in  one  direction  only,  and  stopping  its  return; — ^valves 
moved  by  hand; — and  valves  moved  by  mechanism.  When  a  pis- 
ton drives^  a  fluid,  as  in  ordinary  pumps,  the  valves  are  usually 
moved  by  the  fluid:  when  the  fluid  drives  the  piston,  it  is  in 
general  necessary  that  the  valves  should  be  moved  by  hand  or  by 
mechanism.  In  water  pressure  engines  that  work  occasionally  and 
at  irregular  intervals,  such  as  hydraulic  hoists  and  cranes,  the 
valves  are  usually  opened  and  shut  by  hand;  in  those  which  work 
periodically  and  continuously,  they  are  moved  by  mechanism  con- 
nected with  the  engina 
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Safety  valves  for  permitting  a  fluid  to  escape  from  a  vessel  when 
the  pressure  tends  to  rise  above  the  limit  of  safety,  belong  to  the 
class  that  are  moved  by  the  fluid.  Eegulating  valves  are  adjusted 
either  by  hand,  or  by  means  of  a  governor. 

The  SEAT  of  a  valve  is  the  fixed  surface  on  which  it  rests,  or 
against  which  it  pi'essea 

The  FACE  of  a  valve  is  that  part  of  its  sur£su;e  which  comes  in 
contact  with  the  seat. 

When  a  valve  occurs  in  the  cofwrse  of  a  pipe  or  passage,  the  valve 
box  or  chamber,  being  that  part  of  the  passage  in  which  the  valve 
works,  should  idways  be  of  such  a  shape  as  to  allow  a  free  passage 
for  the  fluid  when  the  valve  is  open,  so  that  the  fluid  may  pass  the 
valve  with  as  little  contraction  of  the  stream  as  possible;  and  if 
necessary  for  that  purpose,  the  valve  chamber  may  be  made  of 
larger  diameter  than  the  rest  of  the  passage. 

The  usual  materials  for  valves  and  their  seats  are  iron,  bronze, 
brass,  hardwood,  leather,  india  rubber,  and  gutta  peroha. 

When  a  valve  and  its  seat  are  both  of  metal,  Aiey  should  be  of 
the  same  metal;  for  when  they  are  of  difl^erent  metals,  a  galvanic 
action  takes  place,  which  causes  one  or  other  of  them  to  be  cor- 
roded. 

In  water  pressure  engines  and  pumps,  the  best  material  for  the 
seats  of  metal  valves  is  some  hard  wood,  such  as  elm  or  lignum 
vitas,  the  fibres  being  set  endways,  and  constantly  wet. 

India  rubber  and  gutta  percha  being  dissolved  or  softened  by 
oils,  whether  fisttty  or  bituminous,  are  unsuitable  materials  for 
valves  to  which  those  fluids  have  accesa 

112.  The  lUHBet  TalT«  or  c«Blcai  TaiTv  is  a  flat  or  slightly 
arched  circular  plate  of  metal,  whose  face,  being  formed  by  its  rim, 
is  sometimes  a  frustum  of  a  cone,  and  some- 
times a  zone  of  a  sphere,  the  latter  figure  being 
the  best  Its  aeaJb,  being  the  rim  of  the  circular 
orifice  which  the  valve  closes,  is  of  the  same 
p.    go  figure  with  the  face  or  rim  of  the  valve,  and 

the  valve  face  and  its  seat  are  turned  and 
groimd  to  fit  each  other  exactly,  so  that  when  the  valve  is  closed 
no  fluid  can  pass.  The  thickness  of  a  valve  of  this  form  is  usually 
frY)m  a  fifth  to  a  tenth  of  its  diameter,  and  the  mean  inclination  of 
its  rim  about  45°. 

To  insure  that  the  valve  shall  rise  and  fall  vertically  and  always 
return  to  its  seat  in  closing,  it  is  sometimes  provided  with  a  spindle, 
as  shown  in  fig.  28,  being  a  slender  round  rod  perpendicular  to  the 
valve  at  its  centre,  and  moving  through  a  riing  or  cylindrical  socket 
A  knob  on  the  end  of  the  spindle  prevents  the  valve  from  rising  too 
high     When  the  valve  is  to  be  moved  by  hand  or  by  mechanism, 
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the  spindle  may  be  contihued  through  a  stuffing  box,  and  connected 
with  a  handle  or  a  lever,  so  as  to  be  the  means  of  transmitting 
motion  to  the  valve. 

When  the  valve  seat  is  at  the  upper  end  of  a  cylindrical  passage, 
as  in  ordinary  safety  valves,  the  place  of  the  spindle  is  often  sup- 
plied by  means  of  a  tailf  which  will  be  described  in  the  next 
Article. 

113.  The  o^naimi  mmibtf  ▼«!▼«  used  for  steam  boilers  as  well  as 
for  water  pressure  engines,  is  a  bonnet  valve  loaded  with  a  weight 
equal  to  the  greatest  excess  of  the  pressure  upon  each  area  equal  to 
that  of  the  valve  within  the  vessel  on  which  the  valve  is  fitted, 
above  the  pressure  of  the  atmosphere,  to  which  it  is  safe  to  subject 
that  vessel  during  its  ordinary  use. 

Sometimes  the  valve  has  a  vertical  spindle  lising  from  it,  moving 
in  guides,  and  loaded  directly  with  cylindrical  weights  which  rest 
on  a  collar  that  surrounds  the  spindle. 


I 


Fig.  20. 


Sometimes  the  load  is  appUed  by  means  of  a  lever,  as  in  fig.  29, 
which  represents  a  section  of  the  valve  seat  and  valve,  and  an  ele- 
vation of  the  lever.  A  is  the  valve,  D  a  stud  or  knob  in  the  centre 
of  its  upper  side,  C  B  a  lever  jointed  to  a  fixed  fulcrum  at  C,  B  the 
weight,  which  can  be  shifted  to  different  positions  on  the  lever,  so 
as  to  vaiy  the  load  on  the  valve. 

The  intensity  of  the  effective  pressure  p  per  square  inch  neces- 
sary to  open  the  valve  is  given  as  follows: — Let  B  denote  the 
weight  applied  to  the  lever,  L  that  of  the  lever  itself,  G  0  the  dis- 
tance of  the  centi-e  of  gravity  of  the  lever  from  the  joint  C,  W  the 
weight  of  the  valve,  A  its  area  in  square  inches;  then 
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Fig.  30  is  an  elevation  of  the  yalve,  showing  the  tcM  (already 
referred  to  in  the  last  Article),  by  which  it  is  guided  so  as  to  move 
vertically,  and  to  return  always  to  its  seat.  Fig.  31  is  a  horizontal 
section  of  the  tail,  which  consists  of  three  vertical  ribs 
or  "feathers,"  radiating  at  angles  of  120°  Their 
outer  surfaces  or  edges  are  small  portions  of  a  vertical 
cylinder,  turned  to  fit  the  cylindrical  tube  on  which 
the  valve  is  placed  easily  but  not  too 
loosely. 

Modifications  of  the   safety  valve,  ape- 
cially  suited  to  steam  engines,  will  be  de- 
Fiff  80        Fiff  81      >^^^^  under   the  head  of   that  class  of 
«•     •     pj-iine  movers. 

1 14.  The  BaU  Clack  (fig.  32)  is  a  valve  of  the  form  of  an  accu- 
rately turned  sphere.     When  of  lai^  size,  it  is  in  general  hollow, 

in  order  to  reduce  its  weight.     Its  face  is  its 

f  entire  surface :  its  seat  is  a  spherical  zone,  as  in 
the  case  of  some  bonnet  valves  already  referred 
to.  As  the  ball  clack  fits  its  seat  alike  in  every 
position,  it  needs  neither  spindle  nor  tail;  but 
either  the  chamber  in  which  it  works  must  be  of 
such  a  shape  and  size  as  to  insure  its  always  fill- 
ing into  its  seat,  or  the  same  object  must  be 
J,    ^  effected  by  means  of  wire  guards  enclosing  it,  as 

*     '  shown  in  the  figure.   The  latter  plan  is  the  better, 

as  it  is  the  more  likely  to  insure  that  there  shall  always  be  a  firee 
passage  for  the  fluid  round  the  valve  when  open. 

115.  DiTided  c«Mic«l  ¥«!▼€« — ^Bonnet  valves  of  large  size,  when 
working  under  high  pressures,  often  require  an  inconveniently 
great  amount  of  work  to  open  them,  and  shut  with  such  violence 
as  to  cause  injurious  shocks  to  the  machine.  To  obviate  this  evil, 
a  valve  has  sometimes  been  used,  composed  of  a  series  of  concentric 
rings.  The  largest  ring  may  be  considered  as  a  bonnet  valve,  in 
which  there  is  a  circular  orifice,  forming  a  seat  for  a  smaller  bonnet 
valve,  in  which  there  is  a  smaller  circular  orifice,  forming  a  seat  for 
a  stiU  smaller  bonnet  valve,  and  so  on.  This  arrangement  enables 
a  large  opening  for  the  passage  of  water  to  be  formed  with  a 
moderate  upward  motion  of  each  division  of  the  valve ;  and  conse- 
quently with  a  moderate  expenditure  of  work  to  open  it,  and  a 
moderate  shock  when  it  shuts.. 

116.  The  ]>«Biil«-iicat  Talve  (an  invention  of  Messrs.  Harvey 
and  West)  is  the  best  contrivance  yet  known  for  enabling  a  large 
passage  for  a  fluid  to  be  opened  and  shut  easily  imder  a  lugh  pres- 
sure. Fig.  33  represents  a  section  of  the  valve,  with  its  seats  and 
chamber,  and  fig.  34  a  plan  of  the  valve  alone. 
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The  valve  shown  in  the  figure  is  for  the  puipose  of  opening  and 
shutting  the  communication  between  the  pipes  A  and  B. 


Fig.  84. 


Fig.  B3. 


The  pipe  B  is  vertical,  and  its  upper  rim  carries  one  of  the  two 
valve  seats,  which  are  of  the  form  of  the  frustum  of  a  cone,  and 
each  marked  a. 

A  frame  0,  composed  of  radiating  partitions,  fixed  to  and  resting 
on  the  upper  end  of  the  pipe  B,  carries  a  fixed  circular  disc,  whose 
rim  forms  the  other  conical  valve  seat. 

The  valve  D  is  of  the  form  of  a  turban,  and  has  two  annular 
conical  fEices,  which,  when  it  is  shut,  rest  at  once  on  and  fit  equally 
close  to  the  two  seats  a,  a.  When  the  valve  is  raised,  the  fluid 
passes  at  once  through  the  cylindrical  opening  between  the  lower 
edge  of  the  valve  and  the  upper  edge  of  the  pipe  B,  and  through 
the  similar  opening  between  the  upper  edge  of  the  valve  and  the 
rim  of  the  circular  disc 

The  greatest  possible  opening  of  the  valve  is  when  its  lower  edge 
is  midway  between  the  dii9c  and  the  rim  of  the  pipe  B,  and  is  given 
by  the  following  formula : — 

Let 

d.  be  the  diameter  of  the  pipe  B ; 

c^,  that  of  the  disc; 

h,  the  clear  height  from  the  pipe  to  the  disc,  less  the  thickness  of 
the  valve; 

A,  the  greatest  area  of  opening  of  the  valve;  then 
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A  =  31416 ^^^   h; (1.) 

and  in  order  that  this  may  be  at  least  equal  to  the  area  of  the  pipe 
B,  viz.,  '7S5i'd\y  we  should  have 

*-*l«^  =  2(^' ^^•> 

which,  if  as  is  usual,  d^  =  d^  gives 

A  at  least  =  ^; (2  a.) 

but  A  is  in  general  considerably  greater  than  the  limit  fixed  by 
this  rula 

If  the  upper  and  lower  seats  aie  of  equal  diameter,  the  valve  is 
little  affected  by  any  excess  of  pressure  either  in  A  or  in  B ;  and  a 
force  a  little  exceeding  its  own  weight  ia  sufficient  to  open  it  It 
is  then  called  an  equiubrium  valve. 

If  the  diameter  of  the  upper  seat  is  the  less,  an  excess  of  pres- 
sure in  A  over  B  tends  to  keep  it  shut,  and  an  excess  of  pressure 
in  B  over  A  to  open  it 

If  the  diameter  of  the  upper  seat  is  the  greater,  an  excess  of 
pressure  in  A  over  B  tends  to  open  the  valve,  and  an  excess  of 
pressure  in  B  over  A  to  keep  it  shut  This  arrangement  is  seldom 
used. 

In  each  case,  the  force  arising  from  difference  of  intensiiy  of 
pressure,  and  tending  to  open  or  shut  the  valve,  as  the  case  may 
be,  is  nearly  equal  to  that  difference  multiplied  by  the  difference 
between  the  area  of  the  pipe  B  and  that  of  ike  circular  disc. 

The  equilibrium  valve  is  the  kind  of  double-beat  valve  most 
commonly  used  in  steam  engines.  In  water  pressure  engines, 
pumps,  and  hydraulic  apparatus  generally,  the  lower  valve  seat  is 
generally  made  a  little  larger  than  the  upper. 

117.  A  Flap  TalTc  illustrated  by  fig.  35,  is  a  lid  which  opens 

and  shuts  by  turning  on  a  hinge.    The  hinge  may  either  be  a  metal 

joint,  or  may  be  provided  by  the  flexibility  of 

the  material  of  ^e  valve  itself,  when  that  is 

leather  or  india  rubber. 

p.  The  face  may  be  of  leather,  india  rubber, 

*  or  metal;  in  the  last  case  the  face  and  seat 

should  be  carefully  scraped  to  true  planes. 

In  hydraulic  machines,  the  most  common  material  for  flap  valves 
is  leather,  which  should,  as  £ar  as  possible,  be  kept  constantly  wet 
A  large  leather  flap  may  be  stiffened  in  the  middle  by  a  plate  of 
wood  or  metal. 


FLAP  VALTES — THBOTTLB  VALYES.  123 

A  pair  of  flap  yalves  placed  binge  to  hinge  (usually  made  of  one 
piece  of  leather  fastened  down  in  the  middle)  constitute  a  ''butter- 
fly CLACK."  The  chamber  of  a  flap  valve  should  be  of  considerably 
greater  diameter  than  the  valve. 

118.  A  Flap  aa4  Oratiag  Twdrm  consists  of  a  round  disc  of  water- 
proof canvas  or  of  india  rubber,  resting  on  a  flat  horizontal  grating, 
or  on  a  plate  perforated  with  holes,  to  which  it  is  fisistened  down  at 
the  centre,  being  left  loose  at  the  edgea  To  prevent  the  valve 
from  rising  too  high,  it  is  usually  provided  with  a  guard,  which  is 
a  thin  metal  cup  formed  Uke  a  segment  of  a  sphere,  grated  or  per* 
forated  like  the  valve  seat,  to  which  it  is  bolted  at  the  centre, 
serving  also  to  &sten  the  valve  down  at  that  point  The  cup 
should  have  a  metal  shoulder  at  its  base,  a  little  less  in  depth  than 
the  thickness  of  the  flap,  to  press  directly  against  the  seat,  so  that 
the  tension  of  the  bolt  may  not  be  brought  to  bear  on  the  flap, 
which  would  be  unable  to  sustain  it.  When  the  valve  is  raised  by 
a  current  from  below,  it  applies  itself  to  the  bottom  of  the  cup. 
When  the  current  is  reversed,  the  fluid  from  above,  pressing  on  the 
valve  through  the  holes  in  the  cup,  drives  it  down  to  its  seat  again. 

According  to  Mr.  Bourne,  valves  of  this  class,  when  made  of 
india  rubber,  may  be  about  six  inches  in  diameter  and  flve-eighths 
of  an  inch  thick.  They  are  adapted  to  large  pumps  by  making 
them  sufficiently  numerous.  They  are  now  much  used  for  the  air 
pumps  of  steam  engines,  in  which  the  pressure  they  have  to  sus- 
tain is  less  than  one  atmosphere.  It  is  probable  that  they  are  not 
capable  of  bearing  very  high  pressurea 

119.  The  DIM  aad  Flrat  Talve,  or  Thnttle  ▼aire*  consists  of  a 
thin  flat  metal  plate  or  disc,  which,  when  shut,  fits  closely  the 
opening  of  a  pipe  or  passage,  generally  circular  in  section,  but 
sometimes  rectangular.  The  "valve  turns  upon  two  pivots  or 
journals,  placed  at  the  extremities  of  a  diameter  traversing  its 
centre  of  gravity,  so  that  the  pressure  of  the  fluid  against  it  is 
balanced  about  its  axis  of  rotation,  and  the  valve  can  be  turned 
into  any  angular  position  by  a  force  sufficient  to  overcome  its 
friction. 

When  the  valve  is  turned  so  as  to  lie  edgeways  along  the  pas- 
sage, the  current  of  fluid  passes  with  very  little  obstruction :  when 
it  is  turned  transversely,  the  current  is  stopped,  or  nearly  stopped. 
By  placing  the  valve  at  various  angles,  various  openings  can  be 
made.  If  the  valve,  when  shut,  is  perpendicular  to  the  axis  of  the 
pipe,  the  opening  for  any  given  inclination  of  the  valve  to  that 
axis  is  proportional  to  the  coveraed-sine  of  the  inclination.  If  the 
valve  is  oblique  when  shut,  the  opening  at  a  given  inclination  is 
proportional  to  the  differmce  between  the  sine  oftkaX  incUncUion 
and  the  eine  of  the  indvnation  when  ahtit. 
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The  face  of  this  valve  is  its  rim ;  its  seat  is  that  part  of  the 
internal  sur&€e  of  the  passage  which  the  rim  touches  when  the 
valve  is  shut;  and  those  surfaces  ought  to  be  made  to  fit  verj 
accurately,  without  being  so  tight  as  to  cause  any  difficulty  in 
opening  the  valve. 

One  of  the  journals  of  the  valve  usually  passes  through  a  bush 
or  a  stuffing  box  in  the  pipe,  so  as  to  affi>rd  the  meafia  of  commu- 
nicating motion  to  the  valve  from  the  outside. 

It  is  difficult  to  make  valves  of  this  class  perfectly  water-tight  or 
steam-tight  without  too  much  impeding  their  motion.  They  are, 
therefore,  not  so  well  suited  for  stop  valves  as  for  regulating 
valves,  and  for  the  latter  purpose  they  are  much  used,  both  in 
water  pressure  engines  and  in  steam  engines. 

Their  form  will  be  illustrated  in  the  figures  of  engines  of  which 
they  form  part 

120.  aiMe  TaiTM. — ^The  seat  of  a  slide  valve  consists  of  a  plane 
metal  suriace,  very  accurately  formed,  part  of  which  is  a  rim  sur- 
rounding the  orifice  or  part,  which  the  valve  is  to  close,  and  &om 

•J  to  ^  of  the  breadth  of  that  orifice,  while  the  remainder  extends 

to  a  distance  from  the  orifice  equal  to  the  diameter  of  the  valve,  in 
order  that  the  valve,  when  in  such  a  position  as  to  leave  the  port 
completely  open,  shall  still  have  eveiy  part  of  its  fieice  in  contact 
with  the  seat. 

The  valve  is  of  such  dimensions  as  to  cover  the  port  together 
with  that  portion  of  the  seat  which  forms  a  rim  surrounding  the 
port  The  face  of  the  valve  must  be  a  true  plane,  so  as  to  slide 
smoothly  on  the  seat;  and  in  large  slide  valves  consists  of  a  rim 
surrounding  that  central  part  of  the  valve  which  dii-ectly  closes  the 
orifice,  and  which  is  more  or  less  concave,  to  enable  it  the  better 
to  resist  the  pressure  which  acts  on  the  back  of  the  valve  when  it 
is  closed. 

Yeiy  large  slide  valves,  such  as  those  in  the  course  of  the  main 
water  pipes  of  large  towns,  are  strengthened  at  the  back  by  flanges 
or  ribs. 

The  valve  and  its  seat  are  contained  within  an  oblong  box  or 
case,  large  enough  to  permit  the  easy  motion  of  the  valve  within 
it,  and  usually  forming  an  enlai^ement  in  the  course  of  a  pipe. 
The  vcUve  rod,  by  means  of  which  the  valve  is  opened  and  shu^ 
passes  out  through  a  stuffing  box;  or  instead  of  such  a  rod,  a 
valve  of  moderate  size  often  has  a  nut  ^xed  to  it,  within  which 
works  a  screw  on  the  end  of  an  axle,  which  passes  out  through  a 
bush,  and  has  shoulders  within  and  without  to  prevent  it  from 
moving  longitudinally,  and  a  square  on  the  outer  end  on  which  the 
key  fits  that  is  used  in  turning  it 


8UDB  VALVES— PISTON  VALVES.  125 

The  total  pressore  between  the  fiance  and  seat  of  a  slide  valve  is 
equal  to  the  total  area  of  the  valve,  multiplied  by  the  excess  of 
intensitj  of  the  pressure  behind  it  above  the  pressure  in  front 
of  it. 

That  total  pressure  being  multiplied  by  the  co-efficient  of  friction 
between  the  &ce  and  seat,  which  maj  be  as  much  as  0-2  (see 
Article  13),  gives  the  resistance  of  the  valve  to  being  opened, 
which  is  ahnost  always  considerabla  For  the  double  purpose  of 
enabling  that  resistance  to  be  overcome  by  a  moderate  effort,  and 
of  preventing  the  shocks  which  would  arise  from  suddenly  closing 
the  valve  when  thei-e  is  a  rapid  current  passing,  it  is  necessary 
that  the  valve  should  move  slowly  as  compared  with  the  driving 
point  of  the  apparatus  by  means  of  which  it  is  moved.  In  mode- 
rate sized  valves,  this  is  usually  provided  for  by  causing  them  to 
be  opened  and  shut  by  turning  a  screw,  as  already  described,  or 
by  moving  the  valve  rod  by  a  rack  and  pinion  of  suitable  dimen- 
sion& 

Large  slide  valves  are  sometimes  moved  by  attaching  the  valve 
rod  to  a  piston  contained  in  a  cylinder,  which  has  a  pair  of  supply 
pipes,  one  for  each  end,  bringing  water  from  the  main  pipe  behind 
the  valve,  and  a  pair  of  discharge  pipes,  one  for  each  end,  leading 
to  the  main  pipe  in  front  of  the  valve.  These  four  pipes  are  pro- 
vided with  suitable  cocks  or  valves  to  be  opened  and  shut 
by  hand;  and  thus  is  formed  a  small  water  pressure  engine,  by 
means  of  which  the  slide  valve  can  be  moved  either  way  when 
recyoired. 

The  opening  and  shutting  of  a  very  large  slide  valve  is  sometimes 
fiudlitated  by  making  it  in  two  divisions — a  larger  and  a  smaller. 
The  smaller  division  is  opened  first  and  closed. last:  the  effect  of 
which  is,  that  it  alone  has  to  be  moved  against  the  resistance 
arising  from  the  greatest  difference  of  pressure  before  and  behind 
the  valve;  and  tibat  the  larger  division  has  only  to  be  moved 
against  the  resistance  arising  from  the  pressure  corresponding  to 
the  lo88  of  head  caused  by  the  contraction  and  subsequent  enlarge- 
ment of  the  stream  in  passing  through  the  smaller  (^vision  of  the 
orifice ;  as  to  which  see  Article  99. 

Rotating  did^  vctlves  are  sometimes  used,  in  which  the  valve  and 
its  seat  are  a  pair  of  circular  plates,  having  one  or  more  equal  and 
similar  orifices  in  them.  The  passage  is  opened  by  turning  the 
valve  about  its  centre  until  its  openings  are  opposite  to  those  of 
the  seat,  and  shut  by  turning  it  so  that  its  openings  are  opposite 
solid  portions  of  the  seat.  * 

Various  forms  of  slide  valve  peculiar  to  the  steam  engine  will  be 
described  under  the  head  of  that  class  of  prime  movers. 

121.  A  PiMMi  t«1t«  is  a  piston  moving  to  and  fro  in  a  cylinder, 
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whose  internal  surface  is  the  valve  seat.  The  port  is  formed  by  a 
ring  or  zone  of  openings  in  the  cylinder,  communicating  with  a 
passage  which  surrounds  it;  and  by  moving  the  piston  to  either 
side  of  these  openings,  that  passage  is  put  in  communication  with 
the  opposite  end  of  the  yalve  cylinder.  Details  and  particular 
forms  of  the  piston  valve  will  be  illustrated  farther  on. 

122.  c«ciu. — This  term  is  sometimes  applied  to  all  valves  which 
are  opened  and  shut  by  hand,  but  its  proper  application  is  to  those 
valves  which  are  of  the  form  of  a  frustum  of  a  cone,  or  conoid, 
turning  in  a  seat  of  the  same  figura 

In  the  most  common  form  of  cock,  the  seat  is  a  hollow  cone  of 
slight  taper,  having  its  axis  at  right  angles  to  the  pipe  in  whose 
course  it  occurs.  The  valve  is  a  cone  fitting  the  seat  accurately, 
and  having  a  transverse  passage  through  it  of  the  same  figure  and 
size  with  the  bore  of  the  pipe,  so  that  in  one  position  it  forms 
simply  a  continuation  of  the  pipe,  and  offers  no  obstruction  to  the 
cun-ent,  while  by  turning  it  into  different  angular  positions,  the 
opening  may  be  closed  either  partially  or  wholly.  A  screw  and 
washer  at  the  smaller  end  of  the  cock  serve  to  tighten  it  in  its  seat 
"  Schiele's  curve"  (Article  14)  is  sometimes  used  for  cocks. 

In  a  form  of  cock  much  used  for  fire  plugs,  a  short  vertical  pipe 
rising  from  a  water  main  terminates  in  a  hollow  conical  firustum, 
tapering  slightly  upwards,  and  having  an  orifice  in  its  side  leading 
into  a  lateral  pipe.  Inside  the  hollow  cone  is  the  valve,  being 
another  cone,  also  hollow,  open  at  the  base,  closed  at  the  top,  and 
having  an  orifice  in  its  side  of  the  same  size  and  figure  with  that 
in  the  outer  cone.  This  inner  cone  is  pressed  upwards  into  the 
outer  cone  by  the  water  within  and  below  it,  which  thus  tends  to 
keep  the  joint  between  the  cones  water-tight;  and  by  turning  the 
inner  cone  into  various  angular  positions,  the  lateral  orifice  can  be 
fidly  opened,  or  partially  or  wholly  closed. 

123.  Flexible  Tube  luul  Dlaphngm  TalvM.— A  class  of  valvCS 
has  lately  been  introduced,  in  which  an  india  rubber  or  gutta  percha 
pipe,  which  when  fully  open  is  cylindrical,  can  be  wholly  or  par- 
tially closed  by  pinching  it  as  if  in  a  vice,  by  means  of  a  screw. 

In  another  class  of  valves,  the  mouth  of  a  cylindrical  pipe,  from 
which  a  current  of  water  is  discharged,  has  opposite  to  it  a  flexible 
circular  diaphragm  of  india  rubber,  of  larger  diameter  than  the 
pipe,  fixed  at  the  edges  at  such  a  distance  from  the  pipe  as 
to  leave  a  sufficient  passage  for  the  fluid  between  the  edge  of 
the  pipe  and  the  face  of  the  diaphragm.  Behind  the  diaphragm 
is  a  round,  slightly  convex  stopper  or  plug,  which,  when 
pushed  forward  by  means  of  a  screw,  presses  the  diaphragm 
tightly  against  the  mouth  of  the  pipe,  and  so  closes  Uie 
passage. 
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Sbctiok  3. — Plungers,  Pistons,  cmd  Packing  of  Waler  Pressure 
Engines. 

124.  A  PlHBgw  is  a  metal  cylinder,  closed  at  the  ends,  and  accu- 
rately turned  on  the  cylindrical  sui&ce,  which,  in  a  single  acting 
pump  or  water  pressure  engine,  acts  at  once  as  piston  and  as  piston 
rod,  by  having  a  reciprocating  motion  in  a  cylinder.  The  internal 
diameter  of  the  cylinder  is  larger  than  that  of  the  plunger  by  an 
amount  sufficient  to  prevent  their  touching.  Hound  the  circular 
aperture  through  which  the  plunger  works  is  a  water-tight  "  cupped 
leather  collar,*'  to  be  described  in  the  next  Article.  A  section  of 
a  cylinder  showing  a  plunger  working  in  it  is  given  in  fig.  37,  a  few 
pages  fiurther  on. 

The  area  of  the  transverse  section  of  the  plunger,  and  not  that  of 
the  cylinder  in  which  it  works,  is  to  be  used  in  computing  the  effort 
exerted  by  the  pressure  of  the  water  upon  it 

The  weight  of  a  plunger  is  often  made  considerable,  and  some- 
times a  load  also  is  pla^d  upon  it,  in  order  that  energy  may  be 
stored  in  lifting  it,  and  restored  when  it  descends. 

To  exemplify  the  mode  of  adjusting  the  weight  and  load  of  l^e 
plunger  for  that  purpose,  let  W  denote  the  gross  weight  of  the 
plunger  and  load  of  a  single  acting  water  pressure  engine,  which  is 
to  be  adjusted  in  such  a  manner  that  the  useful  resistance  overcome 
during  the  ascent  and  descent  of  the  plunger  shall  be  equal  Let 
Bq  denote  that  useful  resistanca 

Let  Pj  be  the  effective  effort  of  the  water  on  the  plunger  during 
the  up  stroke;  P2,  if  positive,  the  excess  of  the  effort  of  the  atmo- 
sphere above  the  resistance  from  back  pressure  of  the  water  during 
the  down  stroka  If  the  latter  quantify  is  the  greater,  Pj  becomes 
native,  and  its  sign  must  be  reversed  in  the  following  equations 
(see  Article  110)  :— 

Let  Rj  be  the  friction  during  the  up  stroke,  and  B,  during  the 
down  stroke.  (As  to  the  friction  of  the  collar,  see  the  next  Article.) 
Then,  during  tJie  up  stroke,  when  W  is  a  resistance, 

R,  =  Pi-Ri-W; (1.) 

and  during  the  down  stroke,  when  W  is  an  effort, 

R,=  P,-R,  +  W; (2.) 

then  subtracting  (1)  from  (2),  and  dividing  by  2,  we  find, 

^  ^  Pi  -  Ri  -  P2  +  Rj ^3^ 

2 
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125.  The  Cappedl  licaOicr  r^Uar  through  which  a  plunger  works 
is  shown  in  section  on  a  small  scale  in  fig.  37,  £Eirther  on,  and  on  a 
larger  scale  in  fig.  38.  It  resembles  in  shape  an  inverted  Aminli^r 
channel;  and  is  lodged  in  an  annular  recess  surrounding  the 
plunger.  Its  hollow  channel  is  turned  towards  the  inside  of  the 
cylinder;  and  the  water,  tending  to  enlarge  that  channel,  presses 
its  outer  side  against  the  recess,  and  its  inner  side  against  the 
plunger,  and  so  keeps  a  water-tight  joint. 

From  experiments  by  Messrs.  More,  and  by  the  Author,  it  appears 
that  the  friction  between  a  plunger  and  its  collar  is  about  (m&4enith 
of  the  total  effort  of  the  water  on  the  plunger,  at  all  events  some- 
where between  h  and  tt. 

Smaller  cupped  leather  collars  are  used  as  packing  for  the  orifices 

through  which  piston  rods  and  valve  spindles  work.     The  friction 

between  a  piston  rod  and  its  collar  may  be  estimated  at  one-tenth 

'of  the  pressure  of  the  water  upon  an  area  equal  to  the  cross-section 

of  the  rod  or  spindle. 

Leather  collars  should  be  kept  always  wet,  if  possible. 

126.  liCftthcr  p«ck«d  Piirtra^ — A  piston  is  distinguished  finom  a 
plunger  by  accurately  fitting  the  cylinder  in  which  it  works,  so  as 
to  be  water-tight,  and  by  being  of  no  greater  thickness  than  is 
necessary  to  make  it  water-tight.  It  is  attached  to  a  rod,  strong 
enough  to  transmit  the  effort  that  acts  on  it  to  the  mechanism 
which  it  drives  (see  Articles  61,  71).  The  water  acts  on  one  fi&oe 
of  the  piston,  or  on  both,  according  as  the  engine  is  single  acting 
or  double  acting. 

When  the  water  acts  on  that  side  of  the  piston  from  which  the 
rod  extends,  the  cylinder  cover  has  a  stuffing  box  in  its  centre, 
through  which  the  rod  works;  and  the  opening  is  made  water-tight 
by  a  leather  collar,  as  already  described,  or  by  hempen  packing. 

In  computing  the  effort  exerted  by  the  water  on  that  side  of  the 
piston  from  which -the  rod  extends,  the  aectionoL  area  qflherodis 
to  he  deducted  from  the  area  of  the  piston;  in  other  words,  the 
effective  area  of  the  piston  on  iJiat  side  is  less  than  the  total  area 
in  the  ratio 

1-1". 1. 

where  cT  is  the  diameter  of  the  rod,  and  d  that  of  the  piston. 

When  the  piston  is  to  be  packed  by  means  of  leader,  its  disc, 
which  fits  the  cylinder  easily  (and  to  which  the  rod  is  firmly 
attached  by  a  screw,  or  a  screw  and  nut,  or  a  key),  is  made  slightly 
concave  on  the  upper  and  under  faces;  then  on  each  of  those  fiioes 
is  placed  a  leather  ring,  shaped  somewhat  like  a  saucer  with  a  hole 
in  the  centre,  and  having  its  edge  turned  up  all  round  so  as  to  press 
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fiat  against  the  incdde  of  the  oylinder  for  a  breadth  of  an  inch,  or 
an  inch  and  a^half,  or  theieabont&  The  edges  of  those  leather 
lings  are  thns  turned  opposite  -ways,  that  of  the  upper  ring  upwards, 
and  that  of  the  lower  ring  downwards.  Each  of  the  rings  is  held  in 
its  place  hy  a  round  saucer-shaped  guard  or  piston  cover,  bolted  or 
screwed  to  the  body  of  the  piston. 

The  friction  of  such  pistons,  Hke  that  of  plungers,  is  found  to  be 
about  one-tmUh  of  the  effort  of  the  water. 

A  piston,  like  a  plunger,  may  be  loaded  for  the  purpose  of  storing 
oftergy,  and  accorduig  to  the  same  principle& 

127.  HevFOi  Packins. — The  body  of  a  piston  which  is  to  be 
packed  with  hemp  is  from  two  to  four  inches  less  in  diameter  than 
the  cylinder  in  which  it  is  to  work ;  and  its  depth  is  about  one-sixth 
of  the  diameter  of  the  cylinder.  It  bulges  a  little  at  the  middle  of 
its  depth.  Round  its  base  there  projects  a  horizontal  flange,  whose 
rim  fits  the  cylinder  easily.  Above  that  fiange  and  round  the  body 
of  the  piston  is  wrapped  the  packing,  consisting  either  of  loose 
hemp,  or  of  a  soft  loosely  spun  hempen  rope,  called  ''gasket,** 
soaked  with  grease.  Above  the  packing  is  a  ring  of  the  same  size 
and  figure  with  the  flange,  for  pressing  the  packing  down,  and 
causing  it  to  fit  tightly  in  tJie  cylinder.  This  ''junk-ring**  is  held 
down  and  can  be  moved  towards  the  fiange  so  as  to  compress  the 
packing  when  required,  by  means  of  screws. 

The  stuffing  box  of  a  piston  rod  is  packed  with  hemp  in  a  similar 
manner,  the  hemp  being  pressed  down  and  made  to  fit  tightly  round 
the  piston  rod  by  means  of  the  stufiSng  box  cov^  and  its  bolts  or 
screws. 

Sbcthon  4. — O/Eydrcmlie  Presses  and  Eoisis. 


128.  The  HydvMdie  Pkh  is  supplied  with  water  frvm  an  arti- 
ficial source,  as  stated  in  Article  97,  and  is  therefore  not  a  prime 
mover,  but  a  piece  of  mechaniean  for  conveniently  applying  the 
energy  of  the  muscular  power,  or  steam  power,  by  which  its  supply 
pumps  are  worked.  It  is  described  here  first  on  account  of  its 
exemplifying  in  a  simple  form  various  parts  which  enter  into  water 
pressure  engines  generally. 

Fig.  36  is  an  elevation  of  a  hydraulic  press  supplied  by  a  hand 
forcing  pump;  ^g.  37  is  a  vertical  section  of  the  cylinder  and 
pump;  and  fig.  38  represents  the  plunger  collar :  these  figures  have 
already  been  referred  to  in  Articles  124,  125.  Fig.  39  is  the 
safety  valve,  difiering  from  that  previously  shown  in  Article  113 
only  in  being  so  small  that  the  spindle  is  of  as  great  diameter  as 
the  valve. 

A  is  the  press  cylinder,  made  thick  enough  to  resist  the  pressure, 
aooording  to  the  principles  of  Article  64.    The  bottom  should  be 


130 


WATER  POWER  AND  WIND  POWER. 


segmental  or  hemispherical,  not  flat   B  is  the  plunger;  Q  its  collar 
(see  Articles  124,  125);   C  a  plate  carried  on  the  head  of  the 


Fig.  86. 


Fig  87. 


Fig.  88. 


■1 


Fig.  89. 


plunger;  D  the  upper  plate  of  the  press;  E  standards  guiding  the 
motion  of  the  plate  C,  ieind  strong  enough  to  resist  a  working  ten- 
sion equal  to  the  force  to  be  exerted, by.  the  plunger..   F  is  the 
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pump  cylinder,  I  its  plonger,  and  K  a  guide  for  the  plunger  rod. 
G  is  the  pump  handle;  H  and  H'  are  two  alternative  centres,  about 
either  of  which  it  can  be  made  to  work,  so  as  to  give  a  greater  or  a 
less  leverage  as  required.  L  is  the  supply  pipe  of  the  press  cylinder, 
through  which  water  is  forced  into  it  by  the  pump.  *•  It  contains  a 
self-acting  dack,  N,  opening  towards  the  press  cylinder,  to  prevent 
the  return  of  water  towards  the  pump.  M  is  the  supply,  valve  or 
suction  valve  of  the  pump,  being  a  clack  opening  upwards;  O  is 
the  safely  valve,  P  its  weight;  It  the  escape  v^ve  or  dischaige 
valve,  being  a  conical  plug  worked  by  means  of  a  screw,  kept  shut 
while  the  plunger  is  being  raised,  and  opened,  so  as  to  let  the  water 
escape  from  the  press  cylinder,  when  the  plunger  is  to  be. allowed 
to  descend  by  its  weight.  The  discharge  pipe,  leading  from  this 
valve  to  a  tank  from  which  the  pump  draws  its  water^  is  the  taU 
race  of  the  machina 

The  following  formulie  relate  to  the-  efficiency  of  the  hydraulic 
press,  and  show  how  to  compute  the  force  and  the  energy  required 
to  work  it 

Let  It  be  the  useful  resistance  to  be  overcome  by  the  plunger  in 
rising,  and  v  the  velocity  with  which  it  is  to  rise  in  feet  per  second 
Then  the  useful  work  per  second  is 

R* : '■ (1.) 

Let  W  be  the  weight  of  the  plunger;  then  B  +  W  is  the  gross 
load  of  the  plunger.  To  this-  has  to  be  added,  for  friction,  a 
quantity  estimated  approximately  at  about  orw-tenth  of  the  gross 
load;  so  that  the  effort  of  the  water  on  the  plunger  is  nearly 

P  =  5i(R  +  W> (2.) 

Let  A  be  the  area  of  the  transverse  section  of  the  plunger.  Then 
the  intensity  of  the  effective  pressure  of  .the,  water  in.  the  press 
cylinder  ought  to  be 

P      11  (R  ^  W)  /ox 

^=A=        lOA      ' (^•) 

in  pounds  on  the  square  foot  or  square  inch^  according  as  A  is  in 
square  feet  or  square  inches. 

\    My 

Let  (^  be  the  sectional  area  of  the  supply  pipe  L;  then  — — 

IB  the  velocity  with  which  the  water  flows  through  that  pipe;  and 

v*A^ 

^ — -rr  the  height  due  to  that,  velocity. 

2  g(k* 
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Let  2  *  F  be  the  sum  of  the  Tarions  Jadon  of  rmttam/o^  due  to 
the  length  and  diameter  of  that  pipe,  and  the  several  benda^  kneee, 
contractions,  enlargements,  and  other  causes  of  resistance  which 
occur  in  its  course,  computed  according  to  the  principles  of  Article 
99.  The  head  due  to  the  velodly  of  the  current  in  tiie  pipe  is  lost 
owing  to  the  sudden  enlargement  of  the  channel  in  entering  the 
cjlindw.     Hence  the  loss  <^  head  in  the  pipe  is 

*  =  (l  +  2-F)^ (4.) 

Let|/  s=  D  A  be  the  pressure  equivalent  to  this  loss  of  head.    Then 

P-V^ (5.) 

is  the  pressure  in  the  pump;  and  if  a  be  the  area  of  the  pump 
plunger, 

aCP+P) (6.) 

A  t? 
is  the  effort  to  be  exerted  by  it  on  the  water,  with  a  velocity  —  ; 

so  that  the  eneigy  exerted  per  second  by  the  pump  plimger  on  the 
water  is 

t;A(p+p') (7.) 

To  this  has  to  be  added  an  allowance  for  the  friction  of  the 
pump,  which,  as  it  includes  not  only  the  friction  of  the  plunger 
collar,  but  tlutt  of  the  mechanism  and  valves,  may  be  estimated  at 
about  one-fifth  of  the  effort  on  the  water;  giving  for  the  whole 
energy  expended  per  second, 

|.;A(p+|0 .....(8.) 

Comparing  this  with  the  expression  (1)  for  the  usefrd  work,  it 
appears  that  the  efficimoy  of  the  machine  is 

£   _R 6   "•  ,9. 

'■^*^^^~Ji(«  +  W,  +  Ay '•* 

Let  n  be  the  ratio  of  the  velocity  of  the  pump  handle  to  that  of 
the  pump  plunger;  then 

nAv 

-5- (10.) 


r, (12.) 
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is  the  effedive  velocity  of  the  ptunp  handle,  reckoning  down  stirokes 
only,  and 

ifL^±^ (11.) 

is  the  f^M^  required  there.  The  effort  which  would  have  been 
required,  had  there  been  no  friction  and  no  loss  of  head,  and  no 
load  except  the  useful  load,  would  have  been 

gR 

being  less  than  the  actual  effort  (11)  in  the  same  proportion  in 
which  the  efficiency  (9)  is  less  than  unity. 

In  order  to  produce  a  continuous  current  of  water  into  the  press 
cylinder,  there  are  sometimes  a  pair  of  pumps  having  their  pltmgers 
connected  to  the  opposite  arms  of  a  lever  with  two  arms  of  equal 
length,  so  as  to  perform  their  down  strokes  alternately.  At  the 
end  of  each  arm  of  the  lever  is  a  cross  bar  for  the  workmen  to  lay 
hold  o£ 

When  the  pumps  are  worked  by  a  steam  engine,  it  is  usual  to 
have  a  set  of  three,  with  their  plungers  respectivdy  connected  with 
three  cranks  on  one  shaft,  making  angles  of  120°  with  each  other. 
Let  9  be  the  length  of  stroke  of  one  of  them,  a  the  area  of  its 
plunger,  T  the  number  of  revchUiona  made  by  the  shaft  in  a  second ; 
then,  as  the  quantity  of  water  required  per  second  is  i;  A,  we  must 
have 

3  T  a  «  =  t?  A (13.) 

The  hydraulic  press  may  be  worked  by  water  firom  a  natural 
source;  in  which  case  the  waste  of  energy  owing  to  the  friction  of 
the  pump  disappears,  and  the  efficiency  becomes  simply 

R 
A(p+|/)' <^*-^ 

the  flow  and  total  head  required  to  drive  the  machine  bong 
respectivelT 

Q=«A (16.) 

H=^ (16.) 


129.  Water  guj-yjij  H«lsto  wmA  P«rcteM»— The  simplest  water 
]H«8snre  hoist  is  a  hydraulic  press,  having  on  the  top  of  its  press 
plunger  a  cross-head,  from  the  ends  of  which  hang  chains  for  lifting 
a  load.  Sach  was  the  apparatus  used  in  raising  the  girders  of  the 
Britannia  Bridge. 
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For  this  macliine,  B,  in  the  equations  of  the  preceding  Article, 
represents  the  load  to  be  lifted,  and  W  the  weight  of  the  plimger, 
cross-head,  and  chains. 

To  a  similar  class  belongs  the  water  pressure  hoist  or  purchase 
invented  hy  Mr.  Miller  for  dragging  ships  up  tbe  inclined  plane  of 
"  Morton's  slip."  In  this  machine  the  press  cylinder  is  placed  at 
the  upper  end  of  the  inclined  plane,  and  at  an  inclination  equal  to 
that  of  the  plane;  and  the  tractive  force  is  exerted  upon  the  diain 
which  drags  the  vessel  either  by  a  plunger  with  a  cross-head,  or  by  a 
piston  wii^  a  piston  rod 'passing  through  a  stuffing  box  in  the  bot- 
tom of  the  cylmder  j  the  effective  area  of  piston  A  in  the  latter  case 
being  the  total  area  less  than  the  sectional  area  of  the  piston  rod.  * 

Let  i  denote  the  apgle  of  inclination  of  the  slip; 
/,  a  co-«fficient  of  friction/ whose  value  is  about  A; 

Wp  the  weight  of  the  ship;  * 

R^,  her  total  resistance  to  being  dragged  up  the  slip ;  then 

Ri  =  Wi  (sin  i.+/co8  i) (1.) 

and  if  17  be  the  velocity  with  which  she  is  to  be  dragged,  the  uaefid 
toork  per  second  ia 

.  Ri" • (2.) 

Let  Wj  be  the  weigbt  of  the  cradle,  chains,  piston  or  plunger, 
and  every  additional  weight  which  moves  along  with  them;  then 
the  resistance      ' 

R,  +  R,  =  (W,  +  W^(8int+/cosi) (3.) 

is  to  be  substituted  for  R  +  W  in  equations  2,  3,  and  9,  of  Article 
128,  when  the  formulie  of  that  Article  will  all  become  applicable 
to  the  machine  now  in  question. 

130.  Water  Premuw  em^  H^irt.  —  A  water  pressure  hoist  for 
raising  and  lowering  a  cage  containing  mineral  wagons,  or  other 
heavy  bodies,  consists  essentially  of  the  following  parts  : — 

L  IL  HL  A  frame,  carrying  pulleys,  a  chain  passing  over  the 
pulleys,  and  a  cage  bung  to  one  end  of  the  chain,  as  already 
described  for  a  bucket  hoist  in  Article  101. 

lY.  A  vertical  or  nearly  vertical  hoist  cylinder^  firmly  fixed  to 
one  side  of  the  frame,  and  having  a  leather  packed  piston  (Article 
126)  with  a  piston  rod  passing  upwards  through  a  stuffing  box  in 
the  cylinder  cover.  The  upper  end  of  the  piston  rod  carries  a  pulley, 
usually  about  thirty  or  thirty-six  inches  in  diameter.  The  cham 
is  carried  under  this  pulley,  and  its  end  made  fast  to  the  top  of 
the  frame;  the  effect  of  which  is,  that  the  velocity  of  the  piston  is 
one-half  of  that  of  the  cage;  and  the  length  of  stroke  of  the  piston 
is  one-half  of  the  lifL 
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Y.  The  supply  pipe  of  the  hoist  cylinder;  haying,  near  the  hoist 
cylinder^  its  regulator,  which  is  a  screw  idide  valve,  opened  and 
shut  by  hand. 

YL  The  discharge  pipe  of  the  hoist  cylinder,'  having  also  its 
screw  slide  valve.     As  to  rdief  docks,  see  Article  134  A.  ' 

YIL  ;The  store  eylvnd&r,  from  which  the  supply  pipe  of  the  hoist 
cyliiider  comes,  resembles;^  a  hydraulic  press,  with  its  collared 
plunger.  It  is  destined  to  contain  a  reserve  of  water  to  .supply  the 
hcost  when  it  is  occasionally  Vorked  so  rapidly  as  to  expend  water 
faster  than  the  source  can  supply  it  '  The.  store  cylinder  is  re- 
plenished with  water  from  the  source  in  the  intervab  wh^n  ihe 
hoist  is  standing  idl&  The  plunger  of  the  store  cylinder  is  loaded 
with  a  weight  corresponding  to  the  pressure  required.  The  same 
store  cylinder,  if  laz^  enough,  may  answer  for 'several  hoists. 

The  store  cylinder /may  also  be  made  like  a  hydraulic  press 
inverted,  the  plunger  being  fixed,  and  standing  on  a  firm  founda- 
tion, with  the  su^y  and  discharge  pipes  traversing  it;  and  the 
cylinder  being  moveable,  with  its  collared  end. downwards,  and  its 
closed  end  uphifards,  and  a  sufficient  weight  placed  upon' it; 

VIIL  The  supply  pipe  of  the  store  cylinder. 

IX.  The  source,  which  may  be  an  elevated  reservoir,  or  a  water 
work  main  giving  a  sufficient  flow  and  pressure,  but  which  is 
nauch  more  frequently  artificial,  being  a  set  of  forcing  pumps 
worked  by  a  steam  engine,  as  described  in  Article  128. 

The  following  are  the  formulae  applicable  to  machines  of  this  kind. 

Let  B^  be  the  usefril  load  to  be  lifted,  s^  the  height  to  which  it 
is  to  be  lifted  in  the  time  i  with  the  velocitjr  i;^  =  «j  -r  < ;  then  the 
useful  work  per  secomd  is 

.Ki«^ 0)  . 

An  ordinary  value  of  t?^  is  erne  foot  per  second. 

For  a  first  rough  estimate  of  *the  power  required  to  produce  this 
effect,  the  efficiency  of  the  whole  machine  may  be  taken  approxi- 

2        •       .  •• 

mately  at  ^ ;  so  that  the  energy  expendedper  second  will  be 

3 
DQH  =  ^Rit?i,  weowZy. (3.)  , 

The  object  of  making  this  rough  estimate  is  to  fix  the  size  of  the 
hoist  cylinder.  If  the  source  is  a  reservoir  or  a  water  work  pipe, 
the  total  head  H  is  in  general  fixed ;  if  the  source  is  artificial, 
there  are  in  most  cases  reasons  which  ^  a  limit  to  H ;  it  is  seldom, 
for  example,  desirable  to  exceed  500  or  600  feet.  The  value  of  H 
having  been  fixed  approximately,  we  halve  for  the  flow  of  water  per 
second  while  the  cage  is  being  lifted — 
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Q=I§S^ <'■) 

and  for  the  flow  per  stroke  of  the  hoist,  which  is  the  effective 
volume  of  the  hoist  cylinder — 


Q'=24fi=¥ (*•) 


A^  being  the  ^ectwe  a/rea  of  the  piston;  that  is,  the  excess  of  the 
area  of  the  piston  above  that  of  the  piston  rod ;  and  ^^^  -&-  2  its 
length  of  stroke,  so  that 

2Q^_3R, 

^1-    «i    -DH ^  ^ 

When  H  is  limited  to  500  feet,  the  piston  rod  may  be  made  one- 
fiftieth  of  the  area,  or  about  one-seventh  of  the  diameter,  of  the 
piston;  so  that  we  shall  have  in  that  < 


Diameter  offUUm  =  \/  J^^.f^^^  =  M*  J^r-(^-) 

Let  W^  be  the  weight  of  the  cage ;  then 

Ri  +  Wi (7.) 

is  the  worhmg  tension  on  the  chain;  and  six  times  this  should  be 
the  ultimate  strength  of  the  chain.  Let  W^  be  the  weight  of  the 
chain  and  pulleys ;  then 

«        10     ^  20 :        ^  ^ 

will  be  very  nearly  the  ^nrfion  of  the  mechaniam. 

Inasmuch  as  by  the  tackle  used,  the  velocity  of  the  piston  is 
half  that  of  the  chain,  we  shall  have  for  the  tension  on  the  pietan 
rod — 

2(Ri+iy; (9.) 

to  which  adding  one-tenth  for  the  friction  of  the  piston  and  rod, 
we  find  for  the  ^art  p  A,  and  intensity  of  pressure  p,  exerted  by 
the  uxUer  on  the  piston— 


.(10.) 


^  ~  10        Ai      ■ 

The  loss  of  head  by  the  resulanoe  of  the  supply  pipe,  and  the 
oonesponding  pressure,  are  found  as  in  equation  4  of  Article  128, 
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^ih  due  attention  to  the  formnlie  of  Article  99.     Let  ^  be  the 
preBsnre  so  found.     Then 

F+Z*' (11.) 

is  the  pressure  in  the  store  c^imder  when  its  phmffer  is/aUing. 

Let  A^  be  the  area  of  the  plunger  of  tiie  store  cylinder,  to  be 
fixed  in  a  manner  which  will  he  afterwards  explained.  Then  add- 
ing one-ninth  for  the  Mction  of  the  collar,  we  ha^ 


^{P  +  P')A^ (12.) 

for  the  gross  load  qf  the  store  ct/linder  plunger,  including  its  own 
weight. 

'nie  pressure  in  the  store  cylinder  when  its  pkmger  is  rising  is 

^ip+p") <i3-) 

and  Tiot  only  the  store  cylimder  but  the  hoist  cylinder  cmd  supply  pipe 
ought  to  have  their  strength  adapted  to  this  working  pressure,  by 
mtJdng  their  bursting  pressure  six-fold,  and  using  the  rules  of 
Article  64.. 

Let  p"  be  the  pressure  due  to  the  resistance  of  the  supply  pipe 
leading  from  the  source  to  the  store  cylinder ;  then 

DHi  =p,  =  H  {p+j/)+pr (14.) 

is  the  pressure  corresponding  to  the  total  head  required  at  the 

source,  natural  or  artificiaL    Should  the  head  H^  calculated  by  this 

formula  proye  greater  than  the  head  H  originally  assumed,  the 

supply  pipes  shoiild  be  made  larger,  so  as  to  diminish  their  resist- 

anoe  until  H^  does  not  exceed  H.     As  to  this,  see  Article  108. 

Then  the  energy  expended  by  the  water  for  each  second  that  the 

hoist  works  is                         n       nr^xr  /ik\ 

PjQ=:DQHi, (15.) 

and  the  ^fidency  of  the  fall  ofwoAefr  is 

(16.) 


Ri^i 


PiQ 

If  the  source  is  artificial,  the  work  lost  in  overcoming  the  fric- 
tion of  the  pumps  or  other  mechanism  used  in  producing  it  is  to  be 
added  to  p^  Q  in  estimating  the  whole  energy  expended  per  second 
of  working  of  the  hoist  and  the  resultant  efficiency  of  the  entire 
Twaohine. 

A  single  store  cylinder  and  a  single  source  or  set  of  pumps  may 
supply  either  one  hoist  or  several     To  find  the  rate  of  flow  from 
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the  pumps  or  other  source  into  the  store  cylitider,  ascertain  ihe 
length  of  the  interval  during  which  the  hoists  usually  stand  idle, 
and  add  to  it  the  length  of.  the  following  interval  during  which 
thev  are  at  work.  Let  T  be  the  number  of  sec9nds  in  the  wkcde 
penod  so  found;  and  of  these  seconds  let  T|  be  the  number  of 
seconds  during  which  any  hoist  is  rising ^  ana  Q  the  quantity  of 
water  it  requires  per  second  while  rising.  Then  summing  the 
quantities  for  all  the  hoists — 

2QT,... (17.) 

is  the  quantify  of  water  required  in  each  period  of  T  seconds;,  so 
that  the  uniform  rate  of  flow  from  the  source  into  the  store 
cylinder  should  be  .      .         > 

Qi  =  ^^;--. .(18.) 

givingfor  the  unifonn  power  of  the  &1I,  in  foot-pounds  -per  second, 

The  capacity  ahtoluldy  neeeaaa/ry  for  the  store  cylinder  is 

.jA,  =  2.QTi-Q2.Ti ...• (19.) 

(»2  being  its  length  of  stroke);  but  it  is  in  general  'advisable  to 
make 

52A,  =  2-QTi .....:(19a.) 

In  the  preceding  description,  the  chain  tackle  is  supposed  to  be 
so  arranged  that  the  velocity  of  the  1  hoist  cylinder « piston  is  one- 
half  .of  ^t  of  the  cage;  but -any  required,  velocity-ratio/ can  be 
given  by  suitably  arranged  fixed. and  moving  pulleys.  This  com- 
bination in  mechanism  of-  chain-and-puUey  tackle,  iwith  hydraulic 
connection,  was  first  introduced  by  Sir  William  .Armstrong,'  who 
has  applied  it  not  only  to  hoists  but.  to  cranes  and  various  other 
machines.  (See  Trcms,  of  the  IndSof  Mechcmical  Engineers,  Aug., 
1858.) 

Section  5. — OfSdf-Acting  Waier  Pressure  Engines, 

131.  Ocacnd  DcMripttoa. — ^When  a  ^' water  pressure  engine*'  is 
spoken  of  without  qualification,  it  is  generally  a  self-acting  water 
pressure  engine  that  is  meant;  that  is,  an  engine  which  differs 
from  a  mere  press,  hoist,  or  crane,  in  having  distrUnUing  valves  for 
regulating  the  supply  and  discharge  of  the  water,  which  are  moved, 
directly  or  indirectly,  by  the  engine  itself;  so  that  it  is  a  nutchine 
having  a  periodical  motion,  which  motion  having  once  been  made 
to^mmence,  goes  on  of  itself  until  it  is  stopped,  either  by  shutting 
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the  throttle  valve  and  so  stopping  the  supply  of  water,  or  by  dis- 
cfngaging  or  otherwise  stopping  the  valve  motion. 

The  distributing  valves  are  in  general  of  the  piston  vaipe  kind 
(Article  121),  and  worked  by  a  small  auxiliary  water  pressure 
engine. 

Inasmuch  as  the  friction  of  water  in  passages  varies  as  the  square 
of  the  velocity,  and  the  work  performed  in  overcoming  it  as  the 
cube  of  ^e  ^velocity  (other  things  being  equal), — and  iiiaismuch  as 
the  velocity  for  a  given  flow  of  water  varies  inversely  as  the  area  of 
the  passage :— it  is  favourable !  to  the  efficiency  of  a  water  pressure 
engine,  which  is  to  perfonu  useful  work  at  a  given  rate,  that  its 
dimensions  should  be  made  as  large  and  its  movement  as  slow 
as  is  consistent  with  due  economy  of  first  cost  in  each  particular 
case. 

It  is  also  favourable  to  efficiency  that  the  stroke  of  the  piston 
should  be  long^  for  the  reversal  of  its  motion  is  seldom  unaccom- 
panied by  shock;  and  at  each  such  reversal  the  position  of  the 
valves  has  to  be  altered ;  both  of  which  cause  loss  of  work. 

The  most  advantageous  use,  therefore,  to  which  a  water  pressure 
engine  can  be  applied  is  the  pumping  of  water,  to  which  slow 
motion  and  a  long  stroke  are  wdl  adapt^  because  they  are 
&vourable  to  efficiency,  not  only  in  the  engine  but  in  the  pump 
which  it  works. 

Nevertheless,  in  situations  where  a  large  supply  of  water  at  a 
high  pressure  can  easily  and  cheaply  be  obtain^  water  pressure 
engines  have  been  used  with  advantage  where  considerable  speed 
is  requisite/ as  in  driving  rotating  machinery.  Various  engines 
of  this  kind  have  been  designed  and  executed  by  Sir  >William 
Annstrong. 

l^e  whole  of  the  mathematical  principles  which  apply  to  water 
pressure  engines  have  been  explained  in  the  preceding  sections  of 
this 'chapter. 

Their  resultant  efficiency,  as  ascertained  by  practical  experience, 
is  stated  by  different  authorities  at  values  ranging  from  0*66  to 
0*8.  The  variations  probably  arise  chiefly  from  differences  in  the 
resistance  of  the  passages  traversed  by  the  water,  and  perhaps  also 
to  some  extent  from  errors  in  the  mode  of  calculating  the  quantity 
of  water  used. 

In  estimating  the  probable  efficiency  of  any  proposed  water 
pressure  engine,  the  lowest  value  of  the  efficiency;  viz.,  0*66,  is  of 
course  the  safest  to  assume  as  a  rough  estimate;  but  a  closer 
approximation  may  be  obtained  by  making  a  calculation  according 
to  the  method  already  exemplified  in  detail  in  Articles  128  and 
130 ;  that  is,  commencing  with  the  resistance  of  the  useful  work 
and  tbe  velocity  of  the  piston,  and  computing  in  their  order  aU  the 
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different  prejudicial  resistances  to  be  overcome,  and  the  quantities 
of  work  to  be  performed  in  overcoming  them. 

132.  SlHcle  Actlag  Water  PvMMure  Bagtne.  —  The  example 
chosen  to  illustrate  this  kind  of  water  pressure  engine  is  a  mine 
pimiping  engine,  designed  by  M.  Junker,  as  described  by  Mr. 
Delaunay.  It  resembles  in  many  respects  the  pumping  engines 
of  Mr.  Darlington. 

Fig.  40  is  a  complete  vertical  section  of  the  engine,  during  the 
inductiouy  or  admission  of  the  water  to  the  cylinder. 
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Fig.  41  is  a  vertical  section  of  the  valve  ports  and  passages 
during  the  ^d/wbtwrn^  or  discharge  of  water  from  the  cylinder.  Both 
figures  are  lettered  alike. 

A  is  the  main  piston,  which  lifts  the 
pump  plunger  rod  by  means  of  a  rod  tra- 
versing the  bottom  of  the  main  cylinder 
BB. 

0  is  the  supply  pipe,  and  U  its  throttle 
valve. 

D  is  the  valve  port,  consisting  of  a  pipe 
connecting  the  bottom  of  the  cylinder  with 
an  annular  passage  surrounding  the  valve 
cylinder,  as  already  described  in  Article 
121. 

£  is  the  piston  valva 

G  the  dischaige  pipe,  and  Y  its  throttle 
valve. 

When  E  is  below  D,  as  in  fig.  40,  D 
communicates  with  C,  and  water  is  ad- 
mitted into  the  cylinder  to  raise  the  main 
piston.  When  E  is  above  D,  as  in  fig. 
41,  D  communicates  with  G,  and  the  water 
is  discharged  from  the  cylinder  during  the 
descent  of  the  main  piston.  The  piston 
valve  E  is  notched  at  the  edges,  in  the 
manner  shown  in  the  figure,  in  oider  that 
the  opening  and  closing  of  the  port  may 
take  place  by  d^prees — the  water  flow- 
ing partially  through  the  notches  for 
a  short  time  before  and  after  the  edge 
of  the  piston  arrives  at  the  edge  of  the 
porta 

The  valve  cylinder  consists  of  two  parts  of  unequal  diameter, 
the  upper  being  the  la^r.  In  the  lower,  or  smaller  part,  the 
piston  valve  £  works.  In  the  upper,  or  larger  part,  wholly  above 
the  supply  pipe,  works  the  counter-^pt^^oTi  F ;  this  being  larger  than 

E,  and  fixed  to  the  same  rod,  the  pressure  of  the  water  between  £ 
and  F  tends  to  raise  them  both.  The  upper  side  of  F  is  provided,  if 
necesBary,  with  a  rod,  or  a  "  Vrumk  "  (that  is,  a  hollow  piston  rod), 
passing  liurough  a  stuffing  box  in  the  top  of  the  valve  cylinder. 
The  use  of  this  is  to  diminish  the  effective  area  of  the  upper  side  of 

F,  so  that  it  shall  not  be  more  than  is  requisite  to  enable  the 
pressure  of  the  water,  when  admitted  through  the  port  I  into  the 
space  above  F,  to  overcome  the  friction  of  the  piston  valve  and  its 
appendages,  together  with  the  excess  of  the  pressure  on  the  lower 


Fig.  41. 
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side  of  F  above  tlie  effectiye  pressure  on  E.  The  secidonal  area  of 
this  rod  or  trtmk,  therefore,  uiould  be  about  as  much  less  than  the 
area  of  E  as  the  area  of  E  is  less  than  the  whole  area  of  F. 

H  is  the  supply  pipe  and  M  the  discharge  pipe  of  the  part  of  the 
yalve  cylinder  above  the  counter-piston,  which,  with  its  cylinder, 
forms  an  auxiliary  engine  to.  work  the  valve  of  the  principal 
engine.  K  is  the  piston  valve  of  this  auxiliaiy  engine,  which 
regulates  the  admission  and  discharge  of  the  water  through  the 
port  I,  exactly  as  tlie  main  piston  valve  E  regulates  the  admission 
and  discharge  of  ^e  water  through  the  port  D  of  the  main 
cylinder.  L  is  a  plunger  of  the  same  size  with  K,  and  fixed  to  the 
same  rod,  in  order  that  the  pressure  of  the  water  in  the  space 
between  K  and  L  may  not  tend  to  move  the  piston  valve  K  either 
upwards  or  downwards. 

The  auxiliary  valve  rod  to  which  K  and  L  are  fixed  is  connected 
by  means  of  a  train  of  levers  and  linkwork  marked  OQKST, 
with  a  lever  carryiiig  on  its  end  a  ^^crvlch^*  P.  N  is  a  vertical 
" Uvppet  rody^  carried  by  the  main  piston  A,  firom which  project  the 
tappets  X  and  Y  for  moving  the  crutch  P. 

The  engine  works  in  the  following  manner : — 

Suppose,  as  in  fig.  41^  that  the  main  piston  valve  E  is  raised,  the 
water  escaping  by  the  route  D  G  from  the  main  cylinder,  and 
the  main  piston  falling.  When  the  main  piston  approaches  the 
bottom  of  its  stroke,  the  upper  tappet  Y  strikes  the  lower  hook  of 
the  crutch  P,  and  depresses  it,  together  with  the  auxiliary  piston 
valve  K.  . 

This  admits  water  from  the  main  supply  pipe  C,  by  the  route 
HI^  to  the  annular  space  above  the  counter-piston  F,  so  as  to 
depress  it,  together  wil^  the  main  piston  valve  E,  into  the  position 
shown  in .  ^.  40.  Then  the  water  from  the  main  supply  pipe 
passes  through  D  into  the  main  cylinder  B  B,  and  lifts  the  main 
piston  A.  l^en  the  main  piston  approaches  the  top  of  its  stroke,  the 
lower  tappet  X  strikes  the  upper  lK>bk  of  the  crutch  P,  and  raises 
it,  together  with  the  auxiliary  piston  valve  K. 

Tins  allows  the  water  to  be  discharged  from  the  annular  space 
above  the  counter-piston  F,  by  the  route  I M ;  so  that  the  pressure 
of  the  water  between  F  and  the  main  piston  valve  E  upon  the 
excess  of  the  area  of  F  above  that  of  E,  raises  F  and  E  together 
back  to  the  position  shown  in  fig.  41,  cuts  off  the  supply  of  water 
to  the  main  cylinder,  and  opens  the  passage  for  the  discharge  of 
water  from  the  main  cylinder  through  D  into  G.  The  main  piston 
then  descends,  thus  completing  a  double  stroke,  and  the  entire 
cycle  of  operations  recommences.  The  process  may  be  summed  up 
by  saying,  that  of  the  two  engines,  the  main  and  the 'auxiliary, 
each  works  the  valve  of  the  other.   • 
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*  The  frequency  of  the  strokes  of  the  engine  de^nds  on  the  speed 
with  which  the  valve  mechanism  works ;  and  this  can  be  controlled 
by  means  of  regulating  cocks  on  H  and  M,  the  supply  and  dis- 
charge pipes  of  the  auxiliary  engine. 

.  133. .' A ;  l^Mil^le  Actli4;  .Water  PvMMure  BacliM  has  a  main 
cylinder,  whose  ends  are  both  closed,  the  main  piston  rod  passing 
out  throTigh'  a  stuffing  box. in  one  of  them,  and  each  end  being  pro- 
vided with  a  port  liSce  D  in  figs.  40  and  41,  communicating  with 
one.valve  cylinder,  both  of  whose  ends' communicate  with  the  dis- 
charge pipe,  .i  The  supply  pipe  enters  the  valve  cylinder  at  the 
middle  of  its  lengtL  On  one  rod  are  carried  a  pair  of  equal  and 
fdmilar  piston  valves,) one  for  each  port,  which  rise  and  &11  to- 
gether :  the  distance  between  them  is  so  adjusted,  that  when  they 
are  raised,  and  the  tapper  piston  valve  leaves  the  upper  port  in 
communication  with  the  supply  pipe,  the  lower  piston  valve  at  the 
same  time  leaves  the  lower  port  in  communication  with  the  dis- 
chaige  pipe  through  the  lower  end  of  the  valve  cylinder — and  that 
wheal  they  are  depressed,  and  the  lower  piston  valve  leaves  the 
lower  port  in  communication  with  the  supply  pipe,  the  upper  pis- 
ton valve  at  the  same  time  leaves  the  upper  port  in  communication 
wjth  the  discharge  pipe  through  the  upper  end  of  the  valve 
'  cylinder. 

The  valve  piston  rod  may  be  moved  either  directly  by  t^pets, 
or  indirectly  by  a  small  au^uliary  engin& 

134.  Mmtmtiw  Water  PvMMure  KagiiMs. — In  this  class  of  engine, 
the  cylinders  are  either  double  or  single  acting,  and  the  piston 
rods,  by  means  of  connecting  rods  and  cranks,  drive  a  shaft 
In  order  to  diminish  as  much  as  possible  the  variations  of  the 
effort  upon  the*  crank  shaft,  it  is  usual  to  have  two,  three,  or 
four  cylinders  acting  in  succession;  but  a  single  cylinder  would 
answer,  if  the  fly  wheel  were  made  of  sufficient  inertia. 

The  inertia  of  the  fly  wheel  for  a  rotative  water  pressure  engine 
ia  to  be  determined  by  the  same  rule  as  for  a  non-expansive  steam 
engine.     (See  Articles  52,  53.) 

The  frequency  of  the  strokes  is  greater  in  this  than  in  other 
Idnds^of  water  pressure^engines;  and  therefore,. to  avoid  great  re- 
sistance, the  supply  and  discharge  pipes,  and  the  valve  ports,  must 
be  larger  as  compared  with  the  piston  than  in  other  water  pressure 
engines.  The  best  rule  is  to  make,  if  practicable,  every  passage  of 
Buch  an  area,  that  the  velocity  of  the  water  in  it  shall  not  exceed 
the  maximum  velocity  of  the  pistons.  The  best  valves  appear  to  be 
doable .  piston .  valve&  Engines  of  this  kind  are  very  useful  and 
convenient  for  driving  small  machines  in  towns  where  there  is  a 
copious 'Supply  of  water  at  a  high  pressure;  and  also  in  mines, 
where  steam  engines  might  be  inconvenient  or  unsafe.     In  the 
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latter  situation  they  may  be  driven  by  a  portion  of  the  water 
which  is  pumped  up  by  the  draining  engine  of  the  mine. 

The  most  sucoe^fhl  in  practice  of  rotative  water  presBore  en- 
gines are  those  of  Sir  William  Armstrong,  as  to  which,  and  as 
to  hydraulic  cranes  and  hoists,  detailed  information  may  be  found 
in  tiie  TramMcticms  of  the  l7i8titiUion  of  Afechamocd  Engineers, 
August^  1858.  Their  efficiency  is  roughly  estimated  at  from  *66 
to  -77. 

134  A.  HeHer  Claelu  form  an  important  part  of  the  engines  of 
Sir  William  Armstrong.  Their  object  is  to  prevent  the  shocks 
which  would  otherwise  occur  within  the  cylinder  on  the  closing  of 
the  port,  and  consequent  sudden  stopping  of  the  motion  of  the 
water.  A  set  of  relief  clacks  for  a  single  acting  cylinder  consists 
of  two,  one  opening  upwards,  in  a  passage  leading  from  the 
cylinder  port  into  the  supply  pipe,  and  the  other  opening  upwards, 
in  a  passage  leading  from  the  discharge  pipe  into  the  cylmder  port 
The  effect  is,  that  the  pressure  in  the  cylinder  cannot  rise  above 
that  in  the  supply  pipe,  nor  &11  below  that  in  the  exhaust  pipa 

For  a  double  acting  cylinder,  four  ciac^  are  required,  two  for 
each  port 

Supplememi  to  Pcvrt  II,,  Chapter  17.,  Section  2. 

134  B.  G^mpMUMl  Gbusks  for  large  pumps  are  now  much  used,  in 
which  the  general  form  of  the  compound  seat  is  like  a  cone  with 
its  vertex  upwards,  and  an  inclination  of  from  45°  to  75® ;  but  the 
sides  do  not  slope,  being  formed  into  a  series  of  flat  circular  steps. 
Each  of  those  flat  steps  is  pierced  with  a  ring  of  openings,  and 
forms  the  seat  of  a  cladc  or  set  of  clacks,  prevented  from  rising  too 
high  by  a  projecting  or  overhanging  portion  of  the  step  next  above. 
When  there  is  a  single  clack  to  each  step,  it  is  a  ring  of  metal  or 
india  rubber;  when  a  set  of  clacks,  they  are  leather  flaps  or  india 
rubber  balls.  (See  a  paper  by  Mi%  John  Hosking,  Trims.  Ind.  of 
Meek  Engmeers,  August,  1858.) 


Section  6. — Of  WaJter  Pressure  Engines  toith  Air  Pistons. 


135.  The  iina«uriB«  niaeuae  is  the  name  given  to  an  engine 
first  used  for  pumping  mines  at  Chemnitz,  in  Hungary,  in  which 
the  duty  of  a  piston  is  performed  by  a  mass  of  confibned  air,  trans- 
mitting pressure  and  motion  from  a  stream  of  water  whose  &U 
constitutes  the  source  of  power,  to  another  mass  of  water,  whose 
elevation  to  a  given  height  is  the  useful  work  to  be  performed. 
Its  principle  is  identical  with  that  of  a  piece  of  apparatus  known 
as  "  Hero's  Fountain,"  frrom  having  been  described  in  the  Pneu- 
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maUea  of  Hero  of  Alexandria^  a  pliilosopher  who  flourished  in  the 
second  century  r  a 

The  flow  of  the  Mi  must  ex- 
ceed the  quantity  of  water  to  be 
raised  in  a  given  time^  and  the 
head  must  exceed  the  height  to 
which  that  water  is  to  be  raised, 
in  proportions  whose  approxi* 
mate  values  will  affcerwanls  be 
pointed  out 

The  principal  parts  of  the 
machine  are  indicated  in  fig.  42. 

A^  a  tank  or  well  at  the  bot- 
tom of  a  shaft,  for  collecting  the 
water  to  be  raised. 

B,  an  air-tight  receiver,  of 
sufficient  strength  to  resist  the 
greatest  internal  pressure  that 
acts  in  the  apparatus,  wholly  im- 
mersed in  the  water  of  the  well 
This  may  be  called  the  pump 
barrd.  The  bottom  of  the  re- 
ceiver must  not  touch  the  bottom 
of  the  well,  for  there  must  be 
space  enou^  between  to  admit 
the  access  of  the  water  of  the 
well  to 

C,  a  clack  opening  inwards,  in 
the  bottom  of  the  receiver  B. 

D,  a  delivery  pipe,  rising  from 
near  the  bottom  of  B  to  the  drain 
at  the  top  of  the  shaft  which 
carries  away  the  water  raised. 
It  is  desirable,  though  not  abso- 
lutely necessary,  to  have  at  the 
bottom  of  D  a  clack  open^ig  up- 
wards. 

E,  an  air-tight  receiver,  at 
least  as  strong  as  B,  which  cor- 
responds to  the  cylmder  of  a 
common  water  pressure  engine, 
and  is  placed  in  any  site  near 


Fig.  42. 


^ ^ the  top  of  the  shaft  which  is 

oonrenient  for  dischai^ng  the  water  of  the  driving  source  after  it 
lias  done  its  work.     Tiaa  may  be  called  the  voorhing  harrd. 

¥,  the  cwr  pipe,  connecting  the  top  of  the  pump  barrel  B  with  the 
top  of  the  working  barrel  K 

L 
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G,  the  vxule  air  cock,  at  the  top  of  E. 

H,  the  discharge  valve,  at  the  bottom  of  £,  for  diachaiging  the 
water  which  has  performed  its  work  in  the  working  barrel 

I,  a  reservoir,  at  the  top  of  the  fell 

K,  the  dv/jpfly  pipe,  connecting  that  reservoir  with  the  bottom  of 
the  working  bfiorel  £. 

L,  the  admission  valve,  near  the  bottom  of  the  supply  pipe. 

The  valves  H  and  L  may  be  opened  and  shut  by  floats  in  the 
working  barrel,  or  by  a  small  auxiliary  water  pressure  engine,  or 
by  a  small  wheel  driven  by  the  water  discharged.  The  sketch 
shows  them  as  spindle  valves ;  but  a  single  piston  valve  might  be 
made  to  do  the  duty  of  both. 

The  machine  is  set  to  work  by  opening  the  air  waste  cock  G,  L 
at  the  same  time  being  shut.  The  water  ^m  the  well  A  opens 
the  clack  C,  enters  and  fills  the  working  barrel  B,  and  drives 
out  the  air  through  G,  so  that  E  and  F  only  remain  filled  with 
air.  Then  G  is  Bhut,  and  remains  shut  while  the  machine  is 
working;  H  is  shut  and  L  opened,  and  the  working  proceeds  as 
follows : — 

The  driving  water  from  I  descends  through  K  and  L  into  E, 
and  compresses  the  air  contained  in  E  and  F.  The  pressure  so 
exerted  on  that  air  is  transmitted  to  the  water  in  B,  and  causes  it 
to  rise  in  the  delivery  pipe  D.  When  the  pressure  has  become 
equal  to  that  of  the  coltunn  of  water  in  D  added  to  its  resistance, 
the  lifted  water  issues  from  D  into  the  drain,  and  continues  to  do 
so  until  E  is  filled  with  water.  Then  by  the  valve  gearing,  L  is 
shut  and  H  opened;  and  the  water  in  E  is  made  to  flow  out, 
partly  by  its  own  weight,  and  partly  by  the  pressure  of  the  expand- 
ing air.  As  soon  as  the  air  has  fallen  to  its  original  pressure,  more 
water  from  the  well  flows  through  C  into  B,  and  drives  all  the  air 
back  into  F  and  E  Then  H  is  shut  and  L  opened,  and  the  cycle 
of  operations  recommences. 

In  the  following  investigation  of  the  efficiency  of  this  engine,  the 
fluctuations  of  level  of  the  water  in  the  pumping  and  working 
barrels,  B  and  E,  are  neglected  in  comparison  with  the  height  of 
lift,  and  the  head  of  fall. 

Let  h^  denote  the  head  of  water  which  is  equivalent  to  one 
atmosphere,  or  33*9  feet  on  an  average. 

Let  Aj  be  the  height  of  the  outlet  of  the  delivery  pipe  D  above 
the  surface  of  the  water  in  A ;  D,  the  weight  of  a  cubic  foot  of 
water,  or  62*4  lbs. ;  Q^,  the  number  of  cubic  feet  per  second  to  be 
raised;  then 

DQA (1-) 

is  the  useful  work  per  second. 

Let  Ag  be  the  head  lost  by  the  resistance  in  the  pipe  D,  eotn- 
puted  by  the  principles  of  Article  99;  then 
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Ao  +  *i  +  ^ (2.) 

is  the  head  of  water  equivalent  to  the  pressure  to  which  the  air 
must  be  compressed  in  %  F,  and  B,  before  the  water  will  issue  from 
the  outlet  of  D.  That  pressure,  in  atmospheres,  may  be  expressed 
thus — 

„=1,  +  *L+A, (3.) 

and  the  working  pressure  which  the  barrek  and  air  pipe  must  be 
adapted  to  bear  is  n  —  1  atmospheres. 

The  Tolume  of  air  which  must  pass  per  second  from  £  into  B, 
while  the  water  is  being  forced  out  of  B,  is  Q^  cubic  feet  at  the 
pressure  of  n  atmo8phere& 

When  air  is  compressed  or  dilated  so  suddenly  that  it  has  not 
time  to  lose  or  gain  heat  by  communication  with  adjoining  bodies, 
its  density  varies  much  more  slowly  than  its  pressure;  but  when 
there  is  time  for  all  the  heat  produced  by  compression  to  be  con- 
ducted away,  and  for  all  the  heat  which  disappears  during  expan- 
sion to  be  replaced  from  neighbouring  bodies,  the  density  varies 
veiy  nearly  as  the  pressure  simply.  It  is  probable  that  the  latter 
supposition  is  very  near  the  truth  in  the  present  case,  especially  as 
the  air  is  charged  with  moisture,  which  facilitates  the  communica- 
tion of  heat. 

Therefore,  as  the  original  pressure  of  the  air,  before  being  com- 
pressed by  the  descent  of  the  water  from  I  into  £,  is  one  atmo- 
sphere, the  volume  of  the  mass  of  air  which  descends  per  second, 
at  the  original  pressure,  is 

Q  =  nQi, (4.) 

and  this  also  is  the  volume  of  water  which  must  descend  frx>m  the 
source  per  second,  in  order  to  perform  the  work. 

Let  B  and  E  be  taken  respectively  to  represent  the  capacities  of 
those  portions  of  the  pump  barrel  and  working  barrel  which  are 
alternately  filled  and  emptied  of  water  at  each  stroke,  and  let  F 
denote  the  capacity  of  the  air  pipe;  then  we  must  evidently  have 

E  +  F  ,^  , 

B  +  F^*" ^''^ 

Let  A3  be  the  loss  of  head  by  the  resistance  of  the  supply  pipe, 
valves,  &C.     Then  the  total  head  required  for  the  fall  is 

K^h,  +  h^  +  h^; (6.) 

so  that  the  total  energy  easpended  per  second  is 
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^ho±h±h.jy^^^l^  +  ^  +  f^. (7) 

and  comparing  tliis  with  the  usefol  work  in  formula  1^  it  appears 
that  the  efficiency  of  the  engine  is 

Qn-n(h,  +  h^  +  h,)'^{h.  +  h,  +  h^'{h^  +  h^+h,y''^'''> 
The  diminution  of  efficiency  represented  by  the  factor  —  in  the 

above  expression,  and  corresponding  to  a  loss  of  head  to  the 
amount  of 


1-- 


D=. 


arises  £rom  the  loss  of  the  energy  exerted  in  compressing  the  air, 
and  in  agitating  the  water  in  E  and  K  during  the  time  of  that 
compression,  when  the  head  is  more  than  sufficient  to  produce  the 
entrance  of  the  water  with  the  proper  velocity. 

The  eneigy  exerted  in  compressing  the  air  is  restored  during  its 
expansion ;  but  being  wholly  employed  in  forcing  the  water  out  of 
the  discharge  valve  H,  it  is  lost  in  the  end. 

The  chief  recommendation  of  the  Hungarian  machine  appears  to 
be  its  simplicity. 

136.  An  Air  TflMd  is  a  sufficiently  strong  air-tight  receiver, 
generally  cylindrical,  with  a  hemispherical  top,  the  upper  part  of 
which  contains  some  imprisoned  air,  while  the  lower  part  contains 
water,  and  communicates  with  the  cylinder  or  the  supply  pipe  of 
a  water  pressure  engine,  or  any  other  vessel  or  passage  in  which 
changes  of  the  velocity  of  a  mass  of  water  occur.  The  compressi- 
bility and  expansibility  of  the  air,  admitting  of  the  alternate  flow 
of  a  portion  of  water  into  and  out  of  the  air  vessel,  enable  such 
changes  of  velocity  to  be  made  by  degrees.  Rotative  water  engines 
were  formerly  made  with  an  air  vessel  in  connection  with  each  end 
of  the  cylinder;  but  relief  valves  (Article  134  a)  are  now  considered 
preferable. 

Supplement  to  Fart  II.,  Chapter  /.,  Artide  94. 

136  A.  Water  Heten  are  instruments  for  measuring  and  record- 
ing the  flow  of  water  through  pipes.  Detailed  descriptions  of 
several  kinds  may  be  found  in  the  Trtmeactions  of  the  InetUuUon  of 
Mechamoal  Engmeera  for  1S56. 

The  meters  now  in  ordinary  use  may  be  divided  into  two  classes ; 
piston  meters  and  whed  meters. 


WATER  ICEIEBS.  149 

Ab  an  example  of  a  piston  meter  maj  be  taken  Mr.  Kennedy^s, 
wliich  is  a  small  doable  acting  water  pressure  engine,  driyen  by 
the  flow  of  water  to  be  measured  As  it  has  been  found,  in  other 
piston  meters,  that  the  recording  merely  the  nvmiA^er  of  titrohea 
made  by  the  piston  leads  to  errors  in  computing  the  flow,  this 
meter  is  so  constructed  that,  by  means  of  a  rack  on  the  piston  rod 
driving  pinions,  the  di^omoe  traversed  by  the  piston  is  recorded  by 
a  train  of  wheelwork,  with  dial  plates  and  indexes. 

An  example  of  a  wheel  meter  is  that  of  Mr.  Siemens,  being  a 
small  reaction  tmbins  or  "  Barkei^s  mill,"  driven  by  the  flow.  The 
revolutions  are  recorded  by  a  train  of  wheelwork,  with  dial  plates 
and  indexes. 

Another  example  of  a  wheel  meter  is  that  of  Mr.  €k)rman,  being 
a  small  fam  turbine  or  vortex  whed  driven  by  the  flow,  and  driving 
the  indexes  of  dial  plates. 

All  those  three  meters  are  found  to  answer  well  in  practice,  and 
can  be  placed  in  the  course  of  a  pipe  imder  any  pressure. 

The  ordinaiy  errors  of  a  good  water  tneter  are  from  ^  to  1  per 
cent. ;  in  extreme  cases  of  variation  of  pressure  and  speed,  errors 
may  occur  of  21  per  cent 

The  value  of  the  revolutions  of  a  wheel  meter  should  be  ascer- 
tained experimentally,  by  finding  the  number  of  revolutions  made 
during  the  filling  of  a  tank  of  known  capacity. 
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CHAPTER  V. 

OF  TERTICAL  WATER  WHEELS. 

Section  1. — Ge/Mral  Principles. 

137.  PoBd  bmA  Weir. — The  head  race  or  supply  channel  of  a 
vertical  water  wheel  commences  either  at  a  laige  store  reservoir, 
being  a  natural  or  artificial  lake  in  which  the  rainfall  of  a  district 
is  collected;  or  at  a  smaller  reservoir  or  pond,  being  an  enlargement 
in  the  course  of  a  river,  formed  by  building  a  weir  or  dam  across 
it.  The  object  of  that  weir  is  not  merely  to  store  a  surplus  flow  of 
water  at  one  time,  and  employ  it  to  supply  deficiency  of  flow  at 
another,  but  to  prolong  a  high  top  water  level  from  its  natural 
situation  at  a  place  some  distance  up  the  stream,  to  a  place  as  near 
as  possible  to  the  bottom  of  the  fall,  where  the  tail  race  joins  the 
natural  channel,  and  thus  to  diminish  as  £a.r  as  possible  the  loss  of 
head  arising  firom  friction  in  the  head  race  and  teSl  race. 

The  weir,  throughout  either  the  whole  or  a  part  of  its  length,  acts 
as  a  uxiste  vjei/r  or  overfM^  discharging  over  its  crest  the  surplus 
flow  of  floods,  beyond  what  the  wheel  can  use. 

L  Leod  of  P<ynd — Wevr  not  Drovmed. — In  order  to  find  how 
high  the  water  in  the  pond  will  stand  above  the  crest  of  the  weir, 
a  formtda  is  to  be  used  founded  on  equation  2  of  Article  94,  with 
this  diflerence,  that  whereas  for  a  sharp  edged  notch  the  co-efficient 
of  discharge  c  is  from  0*595  to  0*667,  it  is  considerably  smaller  for 
the  flat  or  slightly  rounded  crest  of  a  weir.  Its  values  imder 
various  circumstances  have  been  determined  by  the  experiments  of 
Mr.  Blackwell.  For  the  purpose  at  present  in  view,  it  is  sufficiently 
accurate  to  take  the  following  average  value  : — 

For  voa8te  weiT8^  c  =  0*5  veanrly (1.) 

This  gives  for  the  flow  over  the  weir,  in  cubic  feet  per  second, 
Q  =  5*35  c  6  At  =  2*67  6^*; (2.) 

so  that  the  greatest  height  A,  in  feet,  at  which  the  water  in  the 
pond  near  the  weir  stands  above  the  crest  of  the  weir  is  given  by 
the  following  formula : — 


^*  =  Y^^^*-^y/ (3.) 
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Q  being  the  greatest  flow  in  cubic  feet  per  second,  and  h  the  breadth 
in  feet  of  the  outlet  over  the  weir  crest 

IL  Wdr  Drowned, — ^A  weir  is  said  to  be  "  drowned"  when  the 
water  in  the  channel  below  it  is  higher  than  its  crest.  Let  h,  h', 
be  the  heights  of  the  water  above  the  weir  crest,  in  the  pond  and 
in  the  waste  channel  respectively;  then  the  flow  per  second  is 

Q  =  lcb^  {2g(h-h')}.  (a  +  I) (4.) 

when  Q  and  h'  are  given,  the  exact  determination  of  h  requires  the 
solution  of  a  cubic  equation,  but  the  following  approximate  solution 
is  in  general  sufficient : — 

Fini  approximcUion,      /4i  =  A'  + a  /  J*. (5.) 

This  always  gives  too  great  a  result. 

Second  approximcUion,  An  amended  value  h^of  h,i&  given  by 
the  formula 


*«  =  *'-*'0-4-M') («•) 


A 

Closer  approximations  may  be  obtained  by  repeating  the  procesa 

138.  Backwater  IS  the  eflect  produced  by  the  elevation  of  the 
water  level  in  the  pond  dose  behind  the  weir,  upon  the  surfisu^e  of 
the  stream  at  places  still  farther  up  its  channel 

For  a  channel  of  uniform  breadth  and  decUvity,  the  following  is 
an  approximate  method  of  determining  the  figure  which  a  given 
elevation  of  the  water  close  behind  a  weir  will  cause  the  sur&ice  of 
the  stream  &rther  up  to  assume. 

Let  t  denote  the  rate  of  inclination  of  the  bottom  of  the  stream, 
which  is  aJso  the  rate  of  inclination  of  its  sur&ce  before  being 
altered  by  the  weir. 

Let  ^  be  the  natural  depth  of  the  stream,  before  the  erection  of 
the  weir. 

Let  \  be  the  depth  as  altered,  dose  behind  the  weir. 

Let  2)  ^  ^^7  other  depth  in  the  altered  part  of  the  stream. 

It  is  required  to  find  x,  the  distance  from  the  weir  in  a  direction 
up  the  stream  at  which  the  altered  depth  )«  will  be  found. 

Denote  the  ratio  in  which  the  depth  is  altered  at  any  p(nnt  by 

And  let  ^  denote  the  following  function  of  that  ratio  : — 
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,.(1.) 


A  conyenient  approximate  formiila  for  computiiig  ^  is  as  follows  : — 

(2.) 


1  1    J,    1    i    I 


Compute  the  values^  ^j  and  ^j,  of  this  function,  corresponding  to 
the  ratios 


Then 


r^  =  -^  and  r^  =  -*. 


The  following  table  gives  some  values  of  ^ : — 


r 

IX) 
I  "2 

14 
1-5 
1-6 

17 


0 

r 

00 

1-8 

•680 

19 

•480 

2*0 

.376 

2*2 

•304 

2-4 

"255 

2-6 

•218 

2-8 

•189 

3*0 

(p 
•166 

•147 
•132 
•107 
•089 
•076 
•065 
-056 


The  first  term  in  the  right  hand  side  of  the  formula  3  is  obviously 
the  distance  back  from  the  weir  at  which  the  depth  l^  would  be 
found  if  the  sur£eM)e  of  the  water  were  level.  The  second  term  is 
the  additional  distance  arising  from  the  declivity  of  that  surface 
towards  the  weir.  The  constant  264  is  an  approximation  to  2  -r-f, 
/being  the  co-efficient  of  friction.  For  a  natural  declivity  of  1  in 
264,  the  second  term  vanishes.  For  a  steeper  declivity,  it  becomes 
negative,  indicating  that  the  snrfitce  of  the  water  rises  towards  the 
weir;  but  although  that  rise  reaUy  takes  place  in  such  cases,  the 
agreement  of  its  true  amount  with  that  given  by  the  formula  is 
somewhat  uncertain,  inasmuch  as  the  formula  involves  assumptions 
which  are  less  exact  for  steep  than  for  moderate  natural  declivities. 
It  is  best,  therefore,  in  cases  of  natural  declivities  steeper  than  I 
in  264,  to  compute  the  extent  of  backwater  simply  from  the  first 
term  of  the  formula. 
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139.  Wmme  mmkem  in  a  wall  forming  part  of  the  weir  are  used  to 
enable  the  surplus  -water  of  floods  to  be  discharged  with  a  lower 
elevation  of  the  sur&ce  of  the  pond,  and  a  less  extent  of  backwater, 
than  would  be  practicable  if  all  the  surplus  flow  had  to  pass  over 
the  weir-crest. 

A  9df-actmg  watte  dvice  invented     I 
by  a  IVench  engineer,  M.  Chaubart;,      \  a 

is  shown  in  fig.  43,  which  is  a  ver-  ^^^^^^^^/f/ 
tical  section.  It  has  been  found  to 
answer  well  where  it  is  required  to 
Tuaintftin  the  sur£EU$e  of  the  water  in  a 
pond  or  canal  very  accurately  at  a 
certain  leveL 

A  B  is  the  sluice  or  valve  plate,  re- 
inresented  as  shut,  its  upper  edge  A 
being  at  the  proper  water  level 

The  sluice  is  supported  by  a  pair  of     ''''''^^/^^^^^^^«^^^«^' 
cast  iron  sectoi's,  resting  on  horizontal  ^  ^^* 

platforms.  E  is  one  of  those  sectors ;  F  G  its  platform.  The  edge 
of  each  sector  has  a  groove,  in  which  lies  a  chson,  fixed  at  F  to  the 
platform,  and  at  H  to  the  sector.  This  pair  of  chains  resists  the 
tendency  of  the  water  to  press  the  sluice  forward. 

When  the  water  is  at  the  level  of  A,  the  resultant  of  its  pressure 
acts  at  a  depth  A  C  which  is  two-thirda  of  the  whole  depth  A  B 
of  the  sluice.  Through  0  draw  C  D  perpendicular  to  A  B,  cutting 
the  centre  line  of  the  cham  F  H  in  D.  Then  the  sectors  and  plat- 
forms must  be  so  formed  and  placed,  that  when  the  sluice  is  i^ut, 
the  point  of  contact  of  each  sector  with  its  platform  shall  be 
rertically  below  D ;  and  then  the  combined  resistance  of  the  chains 
and  platforms  will  be  directly  opposed  to  the  pressure  of  the  water, 
and  will  balance  it. 

When  the  water  rises  above  A,  and  begins  to  overflow,  the 
centre  of  pressure  rises  above  0,  so  that  the  pressure  and  the 
resistance  are  no  longer  directly  opposed.  The  sluice  then  rolls 
upon  its  sectors  into  a  new  position  of  equilibrium,  and  in  so  doing, 
it  not  only  depresses  the  e^ge  A,  so  as  to  make  the  overflow  more 
rapid,  but  raises  the  edge  B,  so  as  to  make  an  outlet  at  the  bottom 
of  the  passage  B  K,  through  which  the  surplus  water  escapes  much 
more  rapidly  than  it  could  do  by  merely  overflowing. 

140.  Hm4  Bace  a^A  BIiUcm. — ^To  protect  the  conduit,  which  is 
the  head  race,  from  the  surplus  water  of  floods,  it  is  advisable  that 
between  it  and  the  natural  stream  there  should  be  a  wall  or  an 
embankment  rising  a  sufficient  height  (say  from  two  to  three  feet) 
above  the  highest  level  of  floods;  and  also  that  a  similar  wall  or 
embankment  should  extend  across  the  upper  end  of  the  conduit. 
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where  it  leaves  the  pond.  In  the  latter  sitaatioii  a  wall  ia  the  more 
suitable.  It  is  traversed  by  a  passage  for  admitting  water  from  the 
pond  to  the  conduit,  capable  of  being  closed  or  opened  to  a  greater 
or  less  extent,  by  means  of  one  or  more  duices,  which  are  slide 
valves  moving  verticaUy  in  guides,  made  of  timber  or  iron,  and 
moved  by  means  of  a  screw,  or  of  a  rack  and  pinion.  It  is  advis- 
able not  to  make  sluices  broader  than  about  four  or  five  feet.  If  a 
greater  width  of  opening  is  required,  the  passage  from  the  pond  into 
the  conduit  should  be  divided  by  waUs  or  piers  into  a  sufficient 
number  of  parallel  passages,  each  frimished  with  a  sluice. 

The  lo88  of  head  at  a  sluice  is  to  be  found  by  the  principles  of 
Ai-ticle  99,  Division  V. 

The  channel  of  the  head  race  is  to  be  made  as  large  as  is  con- 
sistent with  proper  economy  in  fii'st  cost  Supposing  its  flow  Q  in 
cubic  feet  per  second,  and  its  figure  and  dimensions,  to  be  fixed 
beforehand,  the  declivity  which  it  requires  is  to  be  computed  by  the 
principles  of  Article  99,  Division  VI.,  equations  13,  15,  16,  17. 

Supposing  the  flow  Q,  and  the  rate  of  declivity  i=zh-T-l  (h  being 
the  &11),  to  be  given,  the  figure  and  trans veree  dimensions  of  the 
channel  are  to  be  fixed  in  the  following  manner  : — 

The  form  of  least  resistance  for  the  cross-section  of  an  open 
channel  of  a  given  area  A,  is  obviously  a  semicircle;  its  border  b 
being  the  shortest  which  can  enclose  the  given  area.  Its  hydrcmlic 
mean  depth  is  (me-half  of  iU  radius;  that  is,  r  being  its  radius,  and 
also  the  maximum  depth  of  water  in  it,  and  m  the  hydraulic  mean 
depth, 

^=6=2 ^^•> 

Mr.  Neville  has  shown,  that  if  it  is  necessaiy  that  the  cross- 
section  of  a  channel  should  be  bounded  by  straight  lines,  the  form 
of  least  resistance,  for  given  directions  of  those  lines,  is  one  in 
which  all  the  straight  lines  are  tangents  to  one  semicircle,  having 
for  its  radius  the  greatest  depth  of  water  in  the  channel;  and  in 
such  forms,  the  hycfraulic  mean  depth  is  still  one-half  of  the  radius 
Iff  /X  /\\\  I"    ^^  *^®  semicircle,  as  in  equa- 

LrL/<^o  A  Pis!yxnJ     tion  1.     For  example,  let  it 

^P^^^f^^^^^^T  ^  required  to  draw  the  best 

v^    '    J        y^^^  figure  for  a  channel  with  a 

^^S^  i  ^^/^^  flat  bottom,  and  sides  of  a 

^YJ-Llk^^!^  given  slope.     In  fig.  44,  let 

"  '''  CAD  represent  the  surface 

^«-  ^^'  of  the  water,  and  AB  =  r 

its  greatest  depth.     With  the  radius  A  B  describe  a  semidrde ; 
draw  a  horizontal  tangent  to  it,  E  B  F,  for  the  bottom  of  the 
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ehimnel)  and  a  pair  of  tangents  E  C,  F  D,  at  the  given  inclination, 
for  the  sidee.  The  border  is  5  =  0  E  F  D,  and  the  area  A  =  6  rn-r. 
In  such  channels,  the  length  of  each  of  the  slopes,  0  E,  F  D,  is 
equal  to  the  half-breadth  C  A. 

If  the  channel  is  to  be  built  of  brick,  stone,  or  concrete,  with 
cement  or  hydraulic  mortar,  either  the  semicircular  form  may  be 
employed,  or  a  rectangular  form  with  a  flat  bottom  and  vertical 
sides,  the  breadth  being  double  of  the  depth ;  or  a  semi-hexagon, 
consisting  of  a  flat  bottom  whose  breadth  is  equal  to  half  the 
breadth  at  the  surface  of  the  water,  and  a  pair  of  slopes  inclined 
at  60^  to  the  horizon.  The  second  and  third  are  figures  which  fall 
under  Mr.  Neville's  rule;  and  the  third  has  the  least  resistance  of 
all  figures  whose  borders  consist  of  a  bottom  and  two  slopes. 

If  the  channel  is  to  be  made  of  clay  with  rubble  stone  pitching, 
Mr.  Neville's  form  is  to  be  used,  with  slopes  of  at  least  1^  to  one. 

The  figure  having  been  selected,  it  is  obvious  that  the  sectional 
areas  of  all  similar  figures  will  be  proportional  to  the  squares  of  their 
hydraulic  mean  depths;  so  that  we  may  put 

A  =  wm2; (2.) 

n  being  a  factor  depending  on  the  figure. 
For  a  semicircle, 

»  =  3x  =  6-2832; (3.) 

For  a  half-square, 

n  =  8; (4.) 

For  a  half-hexagon, 

n=  4  /3  =  6-928 ; (5.) 

For  Mr.  Neville's  figure,  with  a  flat  bottom,  and  slopes  inclined 
at  any  angle  ^  to  the  horizon, 

n  =  4  fcosec  ^+  tan^J (6.) 

The  velocity  of  flow  is 

t?  =  Q-rnw« (7.) 

Making,  therefore,  the  proper  substitutions  in  equation  17  of 
Article  99,  we  find 

.  ^  / .    <y    ^  /Q*   .,; (8.i 

from  which  is  deduced  the  following  value  of  the  required  hydraulic 
mean  depth: — 


m  = 

"9 


<JM : (»■) 
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The  value  of  /  is  given  in  Article  99,  equation  15,  and  contaiiu  a 
small  term  varying  inversely  as  the  velocity.  Afwnming  as  an 
approximate  average  value 

/=  0007565, (10.) 

we  find, 

-  =  (§5tS..i)*' <"•) 

and  having  computed  the  required  hydraulic  mean  depth,  all  the 
other  dimensions  of  the  channel  can  he  deduced  from  it. 

The  head  race  should  have  a  waste  weir  and  sluice  of  its  own, 
near  its  lower  end,  to  prevent  the  risk  of  the  water  overflowing  its 
banks;  and  if  it  is  of  great  length,  it  may  be  advisable  to  have 
several  waste  weirs  along  its  course. 

140  A.  TwMm  •r  s^MVM  ■■«  VMh  p«wwb^ — ^The  preceding  for- 
mula is  exactly  similar  to  equation  11  of  Article  108,  except  that 
in  the  present  case  the  diameter  of  the  pipe  d  is  replaced  by  tbe 
hydraulic  mean  depth  of  the  channel  m,  and  the  multiplier  0'23  by 

Considering  that  for  pipes  and  channels  of  similar  figures,  the 
fifth  powers  of  the  corresponding  transverse  dimensions  are  propor- 
tional to  the  squares  of  the  volumes  of  flow,  it  appears  that  a  table 
of  squares  and  fifth  powers,  such  as  is  here  given,  is  useful  in  com- 
paring pipes  and  channels  of  diflerent  dimensions.  Suppose,  for 
example,  that  for  two  similar  channels  of  the  same  declivity,  the 
volumes  of  flow  are  in  a  given  proportion,  look,  in  the  column  of 
fifth  powers,  for  two  numbers  as  nearly  as  possible  in  that  propor- 
tion ;  and  opposite  them,  in  the  column  of  squares,  will  be  found 
two  numbers  nearly  proportional  to  the  corresponding  transverse 
dimensions  of  the  channela 

141.  The  BegidstiiHr  aiiUce  should  be  placed  as  close  as  possible 
to  the  wheel.  It  delivers  the  supply  of  water  either  above  its 
upper  edge,  like  a  weir  or  notch  board,  or  between  its  lower  edge 
and  the  lower  edge  or  dU  of  the  opening  in  which  it  slides. 

The  delivery  above  the  sluice  is  the  best  suited  for  wheels  on 
which  the  water  acts  chiefly  by  its  wei^t  The  dischaige  in  cubic 
feet  per  second  for  a  given  depression  of  the  upper  edge  of  the 
sluice  below  the  surface  of  the  water  in  the  head  race  may  be  cal- 
culated by  the  formuls  of  Article  94,  Division  III. 

The  delivery  between  the  lower  edge  of  the  sluice  and  the  sill  is 
the  best  suited  to  wheels  on  which  the  water  acts  chiefly  by  impulse. 
In  both  these  cases,  the  co-efficient  of  discharge  for  a  vertical  sluice 
may  be  taken  on  an  average  as 

c  =  0-7; (1.) 
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Squn. 

Fifth  FOirer. 

Square; 

Fifth  Power. 

lO 

I  00 

I  00000 

55 

3025 

5032  84375 

II 

I  21 

I  61051 

56 

3^36 

5507  3^76 

la 

144 

2  48832 

57 

3249 

6016  92057 

13 

I  6g 

371293 

58 

3364 

6563  56768 

14 

I  ^6 

5  37824 

59 

3481 

714924299 

15 

225 

7  59375 

60 

3600 

777600000 

16 

256 

10  48576 

61 

3721 

8445  96301 

17 

289 

14 19857 

62 

3844 

9161  32832 

18 

324 

18  89568 

H 

3969 

9924  36543 

19 

361 

24  76099 

64 

4096 

10737  41824 

20 

400 

3200000 

^S 

4225 

1 1602  90625 

21 

441 

40  84IOI 

66 

4356 

1252332576 

22 

484 

51 53632 

67 

4489 

13501  25107 

23 

S2g^ 

64  36343 

68 

4624 

1453933568 

24 

576 

79  62624 

69 

4761 

15640  31349 

25 

625 

97  65625 

70 

4900 

16807  00000 

26 

676 

118  81376 

71 

5041 

18042  29351 

27 

729 

143  48907 

72 

5184 

19349  17632 

28 

784 

172  10368 

73 

5329 

2073071593 

29 

841 

205  1 1 149 

74 

5476 

2219006624 

30 

900 

243  00000 

75 

5625 

23730  46875 

31 

961 

286  29151 

76 

5776 

25355  25376 

33 

1024 

335  54432 

77 

5929 

27067  84157 

33 

1089 

391  35393 

78 

6084 

2887174368 

34 

1156 

454  35424 

79 

62  41 

30770  56399 

3S 

1225 

52521875 

80 

6400 

32768  00000 

36 

1296 

604  66176 

81 

6561 

34867  84401 

31 

1369 

693  43957 

82 

6724 

37073  98439 

38 

H44 

79235168 

^3 

6889 

39390  40643 

39 

15  31 

902  24199 

84 

7056 

41821  19424 

40 

1600 

1024  00000 

85 

7225 

4437053125 

41 

16  81 

1 158  56201 

86 

7396 

47042  70176 

42 

1764 

1306  91232 

87 

7569 

49842  09207 

43 

1849 

147008443 

88 

77  44 

52773  19168 

44 

1936 

1649  16224 

89 

7921 

55840  59449 

45 

2025 

1845  28125 

90 

8100 

59049  00000 

46 

21  16 

2059  62976 

91 

8281 

62403  21451 

47 

2209 

2293  45007 

92 

8464 

65908  15232 

48 

2304 

2548  03968 

93 

8649 

69568  83693 

49 

2401 

2824  75249 

94 

8836 

73390  40224 

50 

2500 

312500000 

95 

9025 

77378  09375 

51 

2601 

3450  25251 

96 

92  16 

81537  26976 

52 

2704 

3802  04032 

91 

9409 

85873  40257 

S3 

2809 

4181  95493 

98 

9604 

90392  07968 

_St- 

29  16 

4591  65024 

99 

9801 

95099  00499 
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because  the  contraction  is  paMat ;  bnt  the  sluice  is  veiy  often 
inclined ;  and  then,  for  an  inclination  of  60**  to  the  horizon,  or 
thereabouts, 

c  =  0-74;. (2.) 

and  for  an  inclination  of  45°,  or  less, 


;  =  0-8. 


.(3.) 


The  regulating  sluice  is  moved  by  mechanism  suitable  for  adjust- 
ing its  position  with  nicety,  such  as  a  rack  and  pinion,  or  a  screw. 
142.  Water  Wheel  Oercnimw  are  all  much  alike  in  principle, 


Fig.  45. 


\ 

-  ^^^^^ 

/ 

tt^^& 

Fig.  47. 


Fig.  46. 

though  varied  in  details. 
The  single  example  here 
chosen  to  illustrate  them 
is  by  Mr.  Hewes. 

Figs.  45  and  46  are 
elevations  of  this  appara- 
tus viewed  along  and 
across  a  horizontal  shaft, 
to  be  afterwards  men- 
tioned ;  fig.  47  is  a  hori- 
zontal section,  below  the 
level  of  the  pair  of  re- 
volving pendulums,  which 
are  shown  in  the  elevation 
as  forming  the  uppermost 
part  of  the  apparatus,  and 
are  carried  by  a  vertical 
spindle,  driven  by  the 
water  wheel 


As  to  revolving  pendulums  in  general,  see  Articles  19,  55. 


WATER  WHEEL  GOYEBNOBS.  159 

Erom  the  rods  of  tihe  revolving  pendulums  two  links  sospend  a 
square  slider,  which  rotates,  rises  and  falls  with  the  balls  of  the 
pendulum,  and  &om  which  projects  a  cam  A. 

From  a  vertical  shafb  D,  there  projects  a  horizontal  fork  B,  whose 
prongs  are  at  opposite  sides  of  the  pendulum  spindle.  The  end  of 
the  right-hand  prong  is  above,  and  the  left-hand  prong  below,  the 
level  of  the  cam  A,  when  it  is  at  the  elevation  corresponding  to  the 
proper  speed  of  the  wheel,  so  that  the  cam  revolves  without  touch- 
ing either  prong;  but  the  slider,  immediately  above  and  below  the 
cam,  is  of  soch  dimensions,  as  to  bring  the  fork  to  its  middle 
position  if  it  has  deviated  from  it. 

[In  manj  water  wheel  governors,  the  fork  corresponding  to  B  is 
four-pronged,  having  one  pair  of  prongs  at  the  middle  elevation  of 
the  cam,  and  wide  enough  apart  to  allow  the  cam  to  revolve  freely 
between  them  when  the  fork  is  in  its  middle  position.  The  other 
two  prongs  are  closer  to  the  spindle,  and  one  is  above,  and  the 
other  below,  the  middle  elevation  of  the  cam,  like  the  two  prongs 
of  the  fork  shown  in  the  figure&j 

The  lower  end  of  the  pendulum-spindle  carries  a  horizontal  bevel 
wheeL  which  drives  two  vertical  bevel  wheels,  turning  loosely  on  a 
horizontal  shafb,  which  by  suitable  mechanism  is  connected  with 
the  regulating  sluice.  The  vertical  bevel  wheels  obviously  rotate 
in  opposite  directions. 

E  is  a  double  clutch,  which  in  its  middle  position  is  free  of  both 
the  vertical  bevel  wheels ;  but  which,  by  being  moved  to  one  side 
or^  the  other,  can  be  made  to  lay  hold  of  either  of  those  wheels, 
so  as  to  make  that  wheel  communicate  its  rotation  to  the  horizontal 
shaft. 

C  is  a  second  fork,  projecting  &om  the  vertical  shaft  D,  and 
clasping  the  clutch,  so  as  to  regulate  its  position. 

When  the  water  wheel  goes  faster  than  its  proper  speed,  the 
pendulums  rise,  lifting  along  with  them  the  revolving  cam  A,  which 
strikes  the  upper  and  right-hand  prong  of  the  fork  B,  and  drives  it 
towards  the  right,  together  with  the  second  fork  C,  which  shifts 
the  clutch  so  as  to  lay  hold  of  one  of  the  vertical  bevel  wheels,  and 
thus  causes  the  horizontal  shaft  to  rotate  in  such  a  direction  as  to 
close  by  degrees  the  r^ulating  sluice;  and  this  closing  goes  on 
until  the  water  wheel  has  resumed  its  proper  speed,  when  the  pen- 
dulums fiill  to  their  middle  position,  and  lower  the  cam  so  that  it 
no  longer  strikes  either  prong  of  the  fork.  The  clutch  is  then 
disengaged  from  both  wheels,  and  the  sluice  remains  in  the  position 
to  which  it  has  been  brought. 

When  the  water  wheel  goes  slower  than  its  proper  speed  the 
pendulums  sink,  lowering  at  the  same  time  the  cam  A,  which 
strikes  the  lower  and  lef^hand  prong  of  the  fork  B,  and  drives  it 


J 
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towards  the  left,  together  with  the  second  fork  C,  which  shifts  the 
clutch  so  as  to  make  it  lay  hold  of  the  other  vertical  bevel  wheel, 
and  thus  causes  the  horizontal  shaft  to  rotate  in  such  a  direction  as 
to  open  by  degrees  the  regulating  sluice ;  and  this  opening  goes  on 
until  the  water  wheel  has  resumed  its  proper  speed,  when  the  pen- 
dulums rise  to  their  middle  position,  and  lift  the  cam  A  so  that  it 
no  longer  strikes  either  prong  of  the  fork.  The  clutch  is  then  dis- 
engag^  from  both  wheels,  and  the  sluice  remains  in  the  position 
to  which  it  has  been  brought 

143.  A  Qcacna  l^eMrlpttom  ^f  Tcvtlcsl  Water  Wheeii  will  now  be 
given,  and  illustrated  by  figures  of  those  forms  of  the  different 
classes  of  wheels  which  were  most  common  before  the  latest  im- 
provements, these  being  reserved  for  the  more  detailed  descriptions 
in  the  ensuing  sections. 

Vertical  water  wheels  may  be  classed  as  follows : — L  Overshot 
wheda  and  breast  wheela,  being  vertical  wheels,  on  which  the  water 
acts  partiy  by  its  weight,  or  by  potential  energy,  and  partiy  by 
its  impulse,  or  by  actusd  energy.  IL  Undershot  v^ieels,  being  ver- 
tical wheels,  on  which  the  water  acts  by  its  impulse.  The  follow- 
ing are  the  essential  parts  common  to  ail  vertical  water  wheels: — 
1.  The  axis  or  shaft,  and  its  gudgeons  or  journals.  2.  The  radiating 
parts  on  which  the  water  acts;  which  in  overshot  and  breast  wheels 
are  biu^cets  or  cells ;  in  undershot  wheels,  floats  or  vanes,  3.  The 
arms  or  spokes  and  other  framework  by  which  the  buckets  or  floats 
are  connected  with  the  shaft.  The  channel  or  chamber  in  which 
the  wheel  works  is  called  the  toheel  race  or  wheel  trough.  Water 
wheels  are  protected  from  frx)6t,  and  from  other  causes  of  stoppage 
and  injuiy,  by  being  enclosed  in  a  whed  house. 

L  Overshot  and  Breast  Wheels. — ^The  water  is  supplied  to  this 
class  of  wheels  at  or  below  the  summit,  and  acts  wholly,  or 
chiefly,  by  its  weight.  The  periphery  of  an  overshot  wheel  con- 
sists of  the  sole  i^aU^  a  cylindrical  drum,  and  the  croums^  being 
two  thin  vertical  rings,  connected  with  the  shaft  b^  airms  and 
braces,  and  having  the  space  between  them  divided  into  cells  by 
curved  or  angular  trough-shaped  partitions  called  buckets.  The 
water  pours  from  the  pentstock  through  the  regulating  sluice,  some- 
times guided  by  a  spout,  into  the  openings  at  the  outer  edges  of 
the  circle  of  buckets,  filling  them  in  succession.  Formerly  the 
buckets  used  to  be  closed  at  their  inner  sides,  which  are  parts  of 
the  sole  plate,  but  now  they  are  made  with  openings  for  the  escape 
and  re-entrance  of  air.  While  the  buckets  are  descending,  part  of 
the  water  overflows  and  escapes,  and  this  is  a  cause  of  waste  of 
energy  :  as  each  bucket  arrives  at  the  lowest  point  of  its  revolution, 
it  discharges  all  its  water  into  the  tail  race,  and  ascends  empty. 
A  breast  wheel  differs  from  an  overshot  wheel  chiefly  in  having 
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the  water  poured  into  the  buckets  at  a  somewhat  lower  elevation 
as  compared  with  the  summit  of  the  wheel,  and  in  being  provided 
with  a  casing  or  trough,  called  a  breast,  of  the  form  of  an  arc  of  a 
cylinder,  extending  from  the  r^pilating  sluice  to  the  commencement 
of  the  tail  race,  and  nearly  fitting  the  periphery  of  the  wheel,  which 
revolves  within  it.  The  effect  of  the  breast  is  to  prev^it  the  over- 
flow of  water  from  the  lips  of  the  buckets  until  they  are  over  the 
tail  race.  The  usual  velocity  of  the  periphery  of  overshot  and  high 
breast  wheels  is  from  three  to  six  feet  per  second ;  and  their  avail- 
able efficiency,  when  well  designed  and  constructed,  is  from  0*7  to 
0*8.  The  diameter  of  an  overshot  wheel  must  be  little  less  than 
the  height  of  the  fall  of  water,  and  that  of  a  high  breast  wheel 
somewhat  greater ;  and  they  are,  consequently,  sometimes  of  enor- 
mous size.  A  few  exist  exceeding  seventy  feet  in  diameter.  Wheels 
of  this  class  are  the  best  where  there  are  large  supplies  of  water 
and  falls  that  are  not  too  low. 

IL  Underthot  and  Low  Breast  Wheda, — ^Wheels  of  this  dass  are 
driven  chiefly  by  the  impulse  of  water,  discharged  from  an  opening 
at  the  bottom  of  the  reservoir  with  the  velocity  produced  by  the 
fidl,  against  ,/{oate  or  vanea  Every  such  wheel  has  a  certain  vdoeUy 
of  maximum  efficiency,  being  the  velocity  of  the  wheel  which  gives 
the  least  possible  velocity  to  the  discharged  water,  and  bearing  a 
ratio  to  the  supply-velocity  of  the  water  which  depends  on  the  form 
of  the  floats,  but  does  not  in  any  case  differ  much  from  ^.  In 
undershot  wheels  of  the  old  construction,  the  floats  are  flat  boards 
in  the  direction  of  radii  of  the  wheel,  and  the  maximum  theoretical 
efficiency  is  |.  The  available  efficiency  is  much  less,  seldom  ex- 
ceeding ^.  An  undershot  wheel,  provided  with  a  breast  or  casing 
extending  as  before  described  from  the  sluice  to  the  commencement 
of  the  tall  race,  becomes  a  low  breast  wheel,  in  which  the  water 
acts  partiy  by  weight,  though  chiefly  by  impulse.  This  class  of 
wheels  was  much  improved  by  Poncelet,  who  curved  the  floats  with 
a  concavity  backwards,  adjusting  their  position  and  figure  so  that 
the  water  should  be  supplied  to  them  without  shock,  and  should 
drop  from  them  into  the  tail  race  without  any  horizontal  velocity. 
The  maximum  theoretical  efficiency  of  such  wheels  is  aa  great  as 
that  of  overshot  wheels,  but  their  available  efficiency  has  not  been 
tound  to  exceed  0*6.  They  are  well  adapted  to  low  fisdls  with  large 
fiuimlies  of  water. 

Fig.  48  is  a  general  view  of  an  overshot  wheel  of  the  old  con- 
struction. A,  spout;  B,  shaft  and  gudgeons;  C,  spokes;  D, 
downs,  one  having  a  toothed  ring^  for  dnving  a  pinion,  and  so 
giving  motion  to  machinery ;  E,  sole  plate ;  F,  buckets ;  G,  tail 
race,  in  which  the  water  runs  in  the  direction  opposite  to  that  of 
the  motion  of  tiie  adjoining  part  of  the  wheel 
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Figs.  49,  50,  and  51,  are  vertical  sections  of  part  of  the  rim  of  an 
overshot  wheel ;  figs.  49  and  50  showing  wooden  buckets,  and  fig. 


Fig.  48. 


Fig.  62. 


Fig.  63. 


Fig.  49.     Fig.  60.      Fig.  61. 

51  iron  buckets.  In  each  of  these 
figures,  D  denotes  the  crown,  E  the 
sole  plate,  F  the  buckets. 

Two  methods  were  formerly  em- 
ployed of  preventing  the  air  in  the 
buckets  from  impeding  the  entrance 
of  the  water;  one  was  to  make  a 
few  small  holes  in  the  sole 
plate,  and  the  other,  to  make 
the  wheel  broader  than  the 
spout,  so  that  the  air  could 
escape  at  the    ends  of   the 
buckets  while  the  water  en- 
tered in  the    middle.      The 
method  now  used  will  be  de- 
scribed in  the  sequel. 

Fig.  52  is  a  wooden  breast 
wheel  of  the  old  construction, 
with  fiat  fioats.  A,  reservoir ; 
B,  sluice,  worked  by  a  rack 
and  pinion;  C,  breast  and 
wheel  trough ;  D,  wheel ;  E, 
tail  race,  in  which  the  water 
moves  along  with  the  wheel 
The  water  acts  on  this  wheel 
partly  by  impulse  and  partly 
by  weight 

Fig.  53  is  an  undershot 
wheel  of  the  old  construction. 
A,  reservoir;  B,  sluice;  C, 
wheel  trough ;  D,  wheel ;  E, 
tail  race,  in  which  the  water 
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moyes  along  with  the  wheel     The  water  acts  on  this  wheel  wholly" 
by  impulse. 

144.  iwpalM  fff  Wai«r  •■  JTmrnm  (partly  extracted  from  A,  if., 
648,  649). — ^The  action  of  water  *^hj  impulse'*  against  a  solid 


Fig.  56. 


Fig.  54. 


/W  K 


Fig.  56. 


Fig.  67. 


sorfiEioe,  is  that  pressure  which  is  exerted  by  the  water  against  the 
surface  in  consequence  of  the  Telocity  and  direction  of  the  motion 
of  the  water  being  changed  by  contact  with  the  sur£BU». 

The  direction  and  amount  of  the  pressure  exerted  by  a  jet  or 
stream  of  water  against  the  solid  sur&ce  are  determined  by  the 
following  principles,  which  are  the  expression  of  the  second  taw  of 
motion  (already  cited  in  Articles  14,  29,  30),  as  applied  to  this 
case: — 

L  The  direction  of  that  pressure  is  opposite  to  the  direction  of 
the  change  produced  in  the  motion  of  the  stream  during  its  contact 
with  the  surfiM». 

IL  The  magnitude  of  that  pressure  bears  to  the  weight  of  water 
flowing  along  the  stream  in  a  second,  the  same  ratio  which  the 
velocity  per  second  of  the  change  in  the  motion  of  the  stream  bears 
to  the  -vdocity  generated  by  gravity  in  a  second  (viz.,  g  =  32*2  feet 
per  second). 

It  only  remains  to  be  shown,  how  the  direction  and  velocity  of 
the  change  of  motion  of  the  stream  are  to  be  determined. 

In  what  £q11owb,  the  effect  of  Motion  between  the  stream  and  the 
▼ane  is  supposed  to  be  insensible. 
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In  each  of  the  figs.  54,  55^  5Q,  57,  A  represents  the  stream  or 
jet,  and  B  the  vane.  Fig.  54  represents  the  case  in  which  the  vane 
guides  the  stream  in  one  definite  direction  E  F ;  and  the  solution 
of  this  case  leads  to,  or- comprehends,  the  solution  of  the  others. 
Figs.  55  and  57  represent  cases  in  which  the  vane  has  a  plane  sur- 
face, and  the  stream  glances  off  it  in  various  directions.  In  ^g.  55 
the  vane  is  perpendicular,  and  in  ^.  57  oblique,  to  the  direction  of 
the  stream.  Fig.  56  represents  a  concave  cup-shaped  vane,  turning 
the  stream  backwarda  Corresponding  lines  on  the  different  figures 
are  marked  with  the  same  letters. 

A  jet  of  fluid  A,  striking  a  smooth  sur&ce,  is  deflected  so  as  to 
glide  along  the  surface,  and  at  length  glances  off  at  the  edge  £,  in 
a  direction  tangent  to  the  surface.  As  the  particles  of  fluid  in 
contact  with  the  surface  move  along  it,  and  the  only  sensible  force 
exerted  between  them  and  the  suiface  is  perpendicular  to  their 
direction  of  motion,  that  force  cannot  accelerate  or  retard  the 
motion  of  the  particles,  relatively  to  the  surfisu^,  but  can  only 
deviate  it. 

When  the  sur&ce  has  a  motion  of  translation  in  any  direction 
with  the  velocity  u,  let  B  D  represent  that  direction  and  velocity,' 
and  B  C  the  du*ection  and  original  velocity  v  of  the  jet.  Then 
D  C  represents  the  direction  and  velocity  of  the  original  motion  of 
the  jet  relatively  to  the  surface.  Draw  E  F  =  D  C  tangent  to  the 
sur&ce  at  E,  where  the  jet  glances  off ;  this  represents  &e  relative 
velocity  and  direction  with  which  the  jet  leaves  the  surface.  Draw 
F  G  II  and  =  B  D,  and  join  E  G;  this  last  line  represents  the 
direction  and  velocity  relatively  to  the  earth,  with  which  the  jet 
leaves  the  surface,  bemg  the  resultant  of  E  F  and  F  G. 

I.  General  Problem, — Draw  DH  parallel  to  the  tangent  EF, 
and  equal  to  D  0;  then  will  the  base  C  H  of  the  isosceles  triangle 
C  D  H  represent  the  direction  and  velocity  of  the  cha/nge  ofTnotion 
undergone  by  the  jet  during  its  contact  with  the  vane;  so  that, 
according  to  the  fii^  of  the  principles  already  laid  down, 

H  0  is  the  direcHon  of  the  pressure  exerted  by  the  jet  against 
the  vane; 

and,  according  to  the  second  of  those  principles,  the  magniiude  of 
that  pressure  is 

DQ-^J (1) 

when  D  Q  is  the  weight  of  the  flow  of  water  in  a  second. 

But  the  whole  magnitude  of  that  pressure  is  of  less  importance 
than  the  magnitude  of  that  component  of  it  which  is  an  effort  as 
respects  the  vane ;  that  is,  which  acts  along  the  direction  B  D  of 


DCFULSE  or  WATEB  OK  YANBS. 


165 


Ike  vftiie*8  motion.  To  find  that  effort,  H  C  in  equation  1  is  to  be 
replaced  by  its  projection  on  B  D,  viz.,  L  M  ;  H  L  and  0  M  being 
perpendicnlars  let  Ml  on  B  D  from  the  two  ends  of  H  C.  There- 
fore, let  P  denote  the  effort  required ;  then 


9 


.{%) 


and  the  enargy  p&r  wsomd  exerted  by  the  jet  on  the  vane  is 


Ptt  =  DQ 


,LM   BD 

9 


.(3.) 


[In  fig.  55,  the  line  corresponding  to  L  M  is  simply  D  C,  the 
difference  between  the  velocities  of  the  jet  and  vane.] 

To  express  these  principles  algebraically,  let 

f?i  =  B0  denote  the  origioal  velocity  of  the  jet ; 

«  =  B  D,  the  velocity  of  the  vane ; 

«  =  .if::^  D  B  C,  the  angle  between  the  directions  of  those  veloci- 
ties; 

y  =s  .^  M  D  H  =  supplement  .^  E  F  G,  the  angle  whick  a 
tangent  to  the  vane  at  the  edge  where  the  jet  leaves  it,  makes  with 
the  direction  of  motion  of  the  vane ;  then, 


BM  =  t;^cos«;  DM^v^costi-u; 

J5H  =  DC=:^{l^  +  w2-2ttt?iCOS«}. 

DL  =  —  DHcosy(in  which  it  is  to  be  observed,  that  cosines 
of  obtuse  angles  are  negative) ;  and,  consequently, 

L  M  =  i^i  cos  «  -  tt  --  cos  y '  ^  |[t{  + 1^2  —  2  2£  v^  cos  «]  • .  .(4. ) 

PsDQ'-^V.  008«-U-C06y' 

g  \ 
is/ {t^  +  tt*  -  2  w  t?i  cos  «} 

Pu=:DQ*-\t«V|Cos«  — u^-tc*cosy' 
g  \ 

Vfvf  +  w*  -  2  tt  t?i  cos  «] 

If  the  final  velocity  of  tke  water,  EG  =  B^  be  denoted  by 
r|,  its  value  is 

r,  =  ^{FB«  +  DB[2  +  2B15FHcosy}  K^ 

=  j^JcJ-2t*(riC0B«— tt)+2tt'cosy  ^(«;H-tt2-2t*t;iCOB«;j  j 


.(5.) 


,..(6.) 
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From  which  it  is  evident  that  equation  6  is  equivalent  to  the 
following : — 

P«  =  DQ.^; («.) 

that  is,  the  energy  exerted  hy  ike  water  on  the  vcme  is  equal  to  ike 
actual  energy  loet  by  the  watery  a  consequence  of  the  assumption 
that  the  Motion  is  insensible. 

The  EFFXcnorcY  of  the  action  of  the  jet  on  the  vane  is  the  ratio 
of  the  energy  exerted  on  the  vane  in  a  second  to  the  actual  energy 
of  the  flow  in  a  second ;  that  is,  its  value  is 


l-;5:  = 


Pw 


=  l-!i=l-£S' 


2^ 


.u  ur      u 

I— 'COS*  — 5 'cosy 


V{'+|-»^-} 


■(»■) 


It  is  obvious  that  there  are  two  cases  in  which  the  efficiency  is 
nothing ;  first,  when  the  vane  stands  still,  or  t^  =  0 ;  and,  secondly, 
when  tiie  vane  moves  at  such  a  speed  that  P  =  0 ;  that  is,  when 

u~v^  =  oos«  +  sin«  cotan  y (10.) 

For  each  particular  pair  of  angles  «  and  y,  there  is  an  int^- 
mediate  value  of  the  ratio  u  -f-  v,,  which  makes  the  efficiency  a 
maximum.  The  determination  of  that  ratio  in  the  most  general 
case  involves  the  solution  of  an  equation  of  the  fourth  order,  and  is 
not  useful  in  proportion  to  the  trouble  of  obtaining  it.  The  ratio, 
therefore,  will  be  determined  in  those  particular  cases  only  which 
are  most  useful 

II.  Case  m wkick  HO  l|  B D. — In  this  case,  the  pressure  exerted 
by  the  jet  on  the  vane  is  wholly  an  effort,  being  parallel  to  the 
direction  of  motion  of  the  vane.  In  order  that  it  may  be  so,  the 
angles  C  D  M,  H  D  M  =  y,  made  respectively  by  the  original  and 
final  motion  of  the  jet  relaiivdy  to  the  vanCy  with  the  direction  of 
motion  of  the  vane,  must  be  equal,  so  that 

DL  =  DM  =  t?iCos«-«; 

and  equations  4,  5,  6,  7,  and  9,  become 

LM  =  2(riC08«-w); (11.) 

^^2JyQ{v^co8»--u)^ ^j2j 
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p^^2DQ«faooe«-«). ^j3^ 

9 

I       J^^      ^^      _^       <j_4«(t>iC0B«-w)         „g. 

In  this  it  is  evident,  that  the  efficiency  ifl  nothing  when  u  is 
either  =  0,  or  =  v^  cos  «^  and  that  the  ^;?6^  of  greaies^  ^ffUsiancy  is 

V^COStt  /I  fix 

«*=-^-^ — ; (1^-) 

for  which  the  effort,  the  energy  exerted  per  second,  and  the  final 
velocity  of  the  water,  have  the  values 

p  _  DQty^coSii  ^  .yj. 

g         ^ 

p«=5^^; (la) 

V2  =  «i8in«; (19.) 

and  the  greatest  efficmicy  itself  is 

1  -;5:=:cos2« (20.) 

IIL  Case  of  a  Flat  Vane,  normal  to  the  Jet,  and  moving  in  the 
same  direction  (fig.  55). — ^In  this  case  the  water  glances  o£f  from  the 
edge  of  the  vane  in  all  directions;  cos  «  =  1 ;  cos  y  =  0;  and 
equations  5,  6,  7,  and  9,  become 

P  =  DQ-^; (21.) 

P«=DQ'^<y^>; (22.) 

rj  =  7(t)f-2u»i  +  2  u») (23.) 

j_^^2«^-«) ^24.) 

The  greatest  efficiency  evidently  takes  place  when 

«  =  5i (25) 

and  in  that  case 
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'■=^. w 

P«=2^; m 

•1'=;;^; (»&) 

l-*  =  |; (29-) 

80  that  at  least  one-half  of  the  energy  of  the  jet  is  lost 

IV.  Case  of  a  Cv/p  Vane  (^,  56). — Let  the  motion  of  this  vane 
be  in  the  same  direction  with  that  of  the  jet,  so  that  cos  «  =  1  ; 
and  to  avoid  the  inconvenience  of  using  negative  quantities,  let 
/3  =  y  —  90°  be  the  acvJte  angle  made  by  the  edge  of  the  cup,  all 
round  which  the  water  glances  off,  with  the  axis  of  the  cup;  so 
that  ^  COS  7  =  +  cos  iS.     Then  equations  4,  5,  6,  7,  and  9,  become 

LM  =  (t7i  -  M)  (1  +  cos  /5) ; (30.) 

P  =  D  Q  •  ^^  •  (1  +  COB  /5) ; (31.) 

If 

Pm  =  DQ-^^*'^~"^  (1  +oo8/S)j (32.) 

y 

»2  =  ^{i^- 2  « («!  -  «)  •  (1+  cos  /!)} (33.) 

1  .;fc^2»fci-**yi +««/») (34) 

The  speed  of  greatest  efficiency  is  obviously,  as  in  case  IIL, 

(35.) 

and  then 

P  =  DQ-^-(l+oo8/S) ; (36.) 

Pi  =  DQ-|^-(H-ooB/S); (37.) 

.,^.,.^{X-1±^., (3a) 

l.A  =  i+^^ .....(39.) 


^1 

t4=  rf : 
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The  farm  of  greatest  efficiency  for  the  vane  is  a  hemisphere^  for 
which  COS  iS  =  1 ;  and  then,  when  the  9peibd  of  greatest  efficiency  is 
maintained,  we  find 

P  =  5|^; (40.) 

P«  =  %^; ("•) 

f,  =  0; (42.) 

^      ^.  1-*  =  1; (43.) 

being /M9^^  tf^UTttfn^. 

V.  Com  of  a  Flat  Vane,  oUique  to  the  Jet  (fig.  57). — In  this  case, 
the  easiest  method  of  solution  is  the  following  : — 

Let  </  =  D  C  be  the  velocity  of  the  jet  rdaJtivdy  to  the  vane, 
found  as  in  the  general  case.  Let  the  angle  C  D  K  which  it  makes 
with  a  normal  to  the  vane  be  denoted  by  0. 

Besolve  t/  =  C  D  into  two  components,  viz. : — 


ne  =s  f/  '  COB  0  ;\ 
I  =  t/*  sin  ^;     ) 


D  K  normal  to  the  vane  =  i^     w^^^,-  ... . 

t (**•) 

K  0  along  the  vane  : 


'  Then  according  to  the  supposition  that  friction  is  insensible,  K  C 
is  not  affected  in  magnitude  by  the  vane ;  but  D  K  is  entirely  taken 
away;  so  that  D  K,  in  fig.  57,  corresponds  to  HC  in  ^g,  54,  and 
represents  the  direction  and  velocity  of  the  entire  change  of 
motion  produced  by  the  action  of  the  vane  on  the  water.  Hence  . 
the  whole  pressure  exerted  by  the  water  on  the  vane  is  in  a  direc- 
tion normal  to  the  vane,  and  its  magnitude  is 

P  =  D  Q  •  ^^^^ (46.) 

if 

Now  let  tf  be  the  velocity  with  which  the  vane  moves,  in  a  direc- 
tion mn\rmg  the  angle  )  with  the  normal  to  its  surfsu^;  then  the 
effort  of  the  water  on  the  vane  is 

P=:Fcosd  =  DQ' , (46.) 

and  the  energy  exerted, 

P  «  =  D  Q  •  ^^^'<>^^ (47.) 

y 

which  being  divided  by  D  Q  i;^  -:-  2  ^,  as  in  former  cases,  gives  the 
efficiency. 

Another  mode  of  arriving  at  the  same  result  is  as  follows : — 
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Let  i  be  the  angle  which  the  original  direction  of  the  jet  makes 
with  the  noimal  to  the  vane.     Then 


V' cos  ^  =  t?^  COB  ^  —  W  COB  J; 

from  which  we  obtain 

V,  cos  iood^—u  cos*  I 

"-" -9 ' 

^  -rx  ^      W  V,   •  COS  J  COB  i  —  W*  COB*  J 


P  =  DQ 


9 


1—^  =  2—  'COB  ^  COB  >  — 


COS*  J. 


.(48.) 

.(49.) 
.(50.) 
.(51.) 


The  speed  of  greatest  efficiency  is 

u^h^; (52.) 

2  cos  J  '  ^     ' 

giving  the  following  results  : — 

i?j  cos  ^  cos  8 


P  =  DQ 
Ptt  =  D  Q 


'^9 

vicOB^i 


i-;fc  = 


COS' 


4? 


2 


.(53.) 
.(64.) 
.{55.) 


which  is  indqmident  of  I, 

145.  BcM  f«iM  •f  Taae  t»  KceiY«  JTet. — In  all  water  wheels, 
whether  the  water  acts  chiefly  by  weight  or  chiefly  by  impulse,  it 
is  desirable,  in  order  to  reduce  to  as  small  an  amount  as  possible 
the  loss  of  energy  by  agitation  of  the  water,  that  the  jet,  on  first 
coming  in  contact  with  the  vane,  float,  or  bucket  lip,  should  not 
strike  it,  but  glide  along  it. 

That  object  is  attained  in  the  following  manner : — 
In  ^g.  58,  O  B  E  is  a  vane,  float,  or  bucket,  moving  in  the 

direction  BD  with  the  veloeity 
u=B  D.  A  is  a  jet,  moving  in  the 
direction  B  C  with  the  velocity 
Vj=B  C,  and  first  touching  the  vane 
at  and  near  the  point  B.  Join  D  C : 
then  that  line  will  represent  the 
direction  and  velocity  of  the  motion 
of  the  water  rdativdy  to  the  vcme; 
and  of  what  shape  soever  the  vane 
Fig.  68.  niay  be  elsewhere,  its  surfiwse  at  and 

near  B,  where  it  first  receives  the 
jet,  should  be  parallel  to  D  C. 
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Pokgelet's  Floatr — ^This  improvement  in  the  form  of  vanes  or 
floats  was  introduced  by  Ponoelet,  and  applied  to  his  undershot 
wheels,  which  will  be  further  described  in  the  sequel  The  prin- 
ciple is  applicable  to  all  wheels  whatsoever. 

The  following  consequences  of  the  principle  are  applicable  to  the 
case  No.  IL  of  Article  144,  in  which  the  angle  y=N  D  H,  made 
hj  the  edge  of  the  vane  where  the  water  glances  off,  with  the 
direction  pf  motion  of  the  vane,  is  supplementaiy  to  the  angle 
which  is  made  with  that  direction  by  the  original  relative  motion 
of  the  jet.  This  condition  is  fulfilled  in  Poncelet*s  wheels ;  for  the 
water,  after  running  up  towards  O,  to  the  vertical  height  due  to  its 
relative  velocity  DC,  returns,  and  glances  off  at  the  edge  E  near 
B  ;  so  that  D  H,  equal  and  opposite  to  DC,  represents  the  direction 
and  velocity  of  its  final  motion  rdtUively  to  the  vans,  and  £  H  the 
direction  and  velocity  of  that  motion  rdadvdy  to  the  eaaih.  It  has 
been  shown,  in  the  division  of  Article  144  just  referred  to,  that 
the  speed  of  greatest  efficiency,  neglecting  friction,  is 


(where  u=^.^  C  B  N).  Therefore,  from  C  let  fall  C  N  perpendi- 
cular to  B  N ;  bisect  B  N  in  D,  and  join  D  C  ;  then  to  this  line 
the  mne,  at  and  near  B  E,  would  have  to  be  made  parallel  if  there 
were  no  friction.  But  one  of  the  effects  of  friction  is  to  make  the 
speed  of  greatest  efficiency  somewhat  greater  than  }  v^  cos  « ;  and 
iJiis  must  be  considered  in  designing  vanes,  as  will  be  uiown  in  the 
next  Articl& 

146.  sccct  •/ FricttoH  dnii^;  iMpabe. — In  the  two  preceding 
Articles,  the  friction,  during  the  impulse  of  the  water  on  the  vanes, 
has  been  supposed  to  be  insensible.  Nothing  precise  is  known  of 
its  mode  of  action,  and  the  following  investigation  is  in  a  great 
measure  conjectural ;  but  its  results  show  a  general  agreement  with 
those  of  experiment. 

Let  it  he  assumed,  that  the  friction  in  question  causes  a  loss  of 
energy  per  second  proportional  to  ih$  height  due  to  the  veUxsUy  of  the 
vxUer  relatively  to  Ae  vane;  which  velocity  is 

FC  =  ^  [(i?i  cos  «-«)«  +  «J  sin2  «}. 

Then  the  loss  of  energy  per  second  by  fiiction  may  be  repre- 
sented by 

pQjf.  faoofl^-^y  +  ^s"^'*^ (1) 

/being  an  unknown  co-efficient 


.(2.) 
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Let  the  case  nnder  oonsideTation  still  be  Case  II.  of  Article  144, 
illustrated  in  fig.  58 ;  then  referring  to  equation  13  of  that  Article 
for  the  energy  exerted  on  the  vane  per  second  when  friction  is  not 
allowed  for,  it  appears  that,  after  deducting  loss  by  Mction,  that 
energy  becomes 

-  (ty^  COS  *  —  uf+tj  sin^  »  \ 
""•'•  2^  J   J 

so  that  the  efficiency  is  reduced  to 

1  ^  ;fc  =  4u(t>^cos^-n)_/(t>iCOs^-u)g^    ^,      ,3 , 

From  this  expression  it  is  easily  found  that  the  speed  of  greatest 
efficiency  has  tiie  value 

2  +  / 

^=  r+/*  ^*  ^  *^ ^^'^ 

being  greater  than  the  speed  of  greatest  efficiency  when  Motion  is 
insensible,  in  the  proportion 

4  +  2/:4+/ 

Suppose  that  the  speed  of  greatest  efficiency,  t^,  for  a  given 
wheel  has  been  found  by  experiment.  Then  the  conefficient  /  is 
given  by  the  formula 

4^t-2i?iCOs*. .^v 

•^         ViCos«— Wj    ^ 

which  value  having  been  substituted  in  equation  3,  gives  for  the 
greatest  efficiency, 

1  ^k  =  2faoo8>-t^)  _  4^,-2^1  cos  ii    ^2  ....(6.) 

To  illustrate  this  by  a  numerical  example :  Suppose  that  cos  m 
=  *99 ;  sin  »  =:  *125 ;  and  that  it  has  been  found  by  experiment 
that  t^,  instead  of  being  =sv^cob  m  xi,^  would  he  the  case  if 
there  were  no  friction,  is  i;^  cos  «  x  0-6. 

Then  by  equation  5,/=  1 ;  and  by  equation  6,  1  -^  =: 078. 

This  r^ult  is  approximately  verified  in  practice,  as  will  after- 
wards be  shown;  and,  such  being  the  case,  it  appears  that,  in 
designing  float  boards  according  to  the  principles  of  Article  145,  B  D 
should  be  made  =  ft  BN.    (See  fig.  58.) 
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147.  mroct  AcilMi  4it/dmgmiA9d  Amm  BcacttoM. — The  pressure 
which  a  jet  exerta  against  a  vane,  can  always  be  distinguiahed  into 
two  parts,  viz. : — 

L  The  pressure  arising  from  the  changing  the  direct  component 
n,  cos  «  of  the  velocity  of  the  water  into  the  velocity  u  of  the  vane. 
Tias,  which  may  be  called  the  preaswre  duA  to  direct  impulae,  has 
akoays  for  its  value 

T,  =  J>Q-'-^^^;  (1.) 

and  is  not  affected  by  friction  nor  by  any  other  cause ;  and  the 
energy  which  it  exerts  per  second  on  the  vane  is  always 

P,«  =  DQ>"<''^"^-">, (2.) 

bearing  to  the  whole  actual  energy  of  the  water  the  proportion 

2  ^  fa  cos  •  -  u) 

:^, ^ ^^'^ 

whose  maximum  value,  viz., — 

^, (*•) 

corresponds  to  the  speed, 

Vi  cos  «  .^  V 

«h  =  -^-2— ' (^•) 

For  a  flat  vane  moving  normally,  as  in  fig.  55,  this  direct  action 
is  the  only  action  by  impulse  of  the  water  on  the  vane.  It  is  also 
the  only  action  by  impulse  when  water  enters  a  bucket  and  does 
not  immediately  glance  out  again,  but  continues  to  move  along  with 
the  bucket 

11.  The  term  recuiion  is  applied  to  the  additional  action  de- 
pending on  the  direction  and  velocity  with  which  the  water  glances 
off  from  the  vane.  It  is  this  which  is  diminished  by  the  friction 
between  the  water  and  the  vane,  or  amongst  the  particles  of  water 
whidi  act  on  the  vane. 

Still  referring  to  the  case  so  often  supposed,  in  which  the  water 
glances  off  at  tiie  same  obliquity  with  which  it  first  glided  on  to 
the  vane  (Article  144,  Case  IL),  it  appears,  from  equations  12,  13, 
and  15  of  that  Article,  that  if  friction  were  insensible,  the  pressure, 
energy,  and  efficiency  due  to  reaction  would  be  simply  equal  to 
those  due  to  the  direct  action,  so  that  its  effect  would  be  to  double 
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each  of  these  quantities ;  and  it  appears  further,  from  Article  146, 
equations  2  and  3,  that  the  pressure,  energy,  and  efficiency  due  to 
reaction,  when  friction  is  considered,  i 


P  ^D  Q  i  ^1  <^^  - ^      .fa 006  ^  -  ^)g  +Vi  sing  «  )   .g. 
*  I  g  ^  2gu  )   ^'' 

p^^^DQ/^facoB'^-^)    ^facos^>f.)g+t;;8in8.>  1  ^y^ 

Additional  efficiency — 

^2»,fc,<^.-n)_^(,,,co8,-u)«_^^^^^ ^g^^ 

The  value  of  /  in  the  case  of  Poncelet's  vanes,  for  which  «  is  a 
small  angle,  appears  to  be  nearly  =  1.  It  is  not,  however,  to  be 
taken  for  granted  that  it  has  the  same  value  for  vaues  of  other 
forms.  It  is  probable,  on  the  contrary,  that /depends  in  some  way 
on  the  angle  «,. becoming  smaller  as  «  approaches  a  right  angle,  and 
also  that  it  depends  on  &e  figures  of  the  vanes;  but  experimental 
data  are  wanting  to  determine  the  law  of  such  dependence. 

148.  BfldMiCT  Af  Vertical  Water  IVkeel*  In  OeacnL — As  respects 
the  laws  of  their  efficiency,  the  vertical  water  wheels  now  in  use 
belong  to  two  classes,  viz., — Weight  <md  impdUe  whedSf  com- 
prising overshot  and  breast  wheels ;  and  impulse  wheds,  being 
underlet  wheels. 

L  Weight  cmd  Impulse  Wheds, — Let  H  be  the  total  head,  and 
Hi  =  (l-AOH, (1.) 

the  available  head  at  the  wheel,  as  reduced  for  losses  of  head, 
according  to  the  principles  of  Article  99.  This  available  head  is 
to  be  distinguished  into  two  parts,  as  follows  : — 


Hi=*+,1;; (2.) 


~  being  that  portion  of  the  head  which  is  employed  in  giving  the 

^g 

water  the  velocity  with  which  it  is  delivered  to  the  wheel,  and  h 

the  height  through  which  the  water  acts  directly  on  the  wheel  by 

its  weight. 

Let  u  be  the  velocity  of  the  circumference  of  the  wheel  Then 
the  total  energy  of  the  available  fall  per  second  is  composed  of  that 
due  to  action  by  weight,  D  Q  A,  and  that  due  to  direct  acUon  by 
impulse, 

D  Q .  wfaoos-j-tt) 

9 
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and  of  that  energy  a  certain  fraction,  which  may  be  denoted  by  kf", 
is  lost  through  leakage  or  escape  of  water,  and  various  resistances 
which  can  only  be  ascertained  empirically  j  so  that  the  effective 
POWKB  of  the  wheel  is 

R^«  =  (l-y')P«=(l-yODQ{^+"^''^'^''""H(3.) 

\  If  J 

and  its  effective  load,  reduced  to  its  ciixnunference, 

B,  =  (1-*1P=(1-*"0DQ  {^+'i(!i£^}...(4.) 

The  value  of  1  —  IiT,  according  to  experiments  on  many  water 
wheels  made  and  recorded  by  Poncelet  and  General  Monn,  ranges 
from  *74  to  '82,  and  is  on  an  average 

(1 -A:"')  =  -78  nearly (5.) 

The  EFFiciENCT  of  the  wheel  is 

1  -*"  =  {l^n 1 (6.) 

It  ranges  from  about  *^^  to  -8  nearly. 

The  surface-velocity  u  of  the  wheel  is  fixed  by  considerations  of 
practical  convenience.  It  was  formerly  limited  to  3  feet  per  second, 
but  is  now  generally  6  feet  per  second,  or  thereabouts. 

The  velocity  of  supply  v^,  corresponding  to  the  greatest  efficiency 
for  a  given  value  of  i«,  is 

"^  =  ^^^- (^•) 

and  the  corresponding  greatest  efficiency  of  the  wheel, 

.     l.F  =  (l-F') i/  =  (l-r) JL (8.) 

^9  9 

IL  Invpulse  wheels  are  to  be  distinguished  into  those  without 
and  those  with  reaction.  The  old  flctt-JlocUed  undershot  wheel,  shown 
in  fig.  53,  is  an  example  of  an  impulse  wheel  without  reaction. 
Tlie  formulie  applicable  to  it  are  obtained  from  those  just  given, 
simply  by  matmg  A  =  0 ;  but  the  value  of  1  —  k*"  for  it  is  only 
about  '66  or  -7,  so  that  its  greatest  efficiency  is  from  '33  to  '35. 
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The  improyed  undershot  -w^ieel,  or  "Ponedei  whed,'*  is  an 
example  of  an  impulse  wheel  with  reaction.  The  principle  upon 
which  the  form  of  its  vanes  depends  has  been  given  in  Article  145,  and 
the  formulie  for  its  load,  its  work  per  second,  and  the  efficiency  of 
the  action  of  the  water  upon  it,  in  Article  146,  supposing  k"*  =  0. 
Taking,  as  in  Article  146,  the  co-efficient  of  friction /=  1,  and  multi- 
pl3ring  by  1  — A;"  to  allow  for  leakage,  Ac.,  we  find,  for  the  effeo 
TiYE  LOAD,  FOWEB,  and  EFFiciENCT,  the  foUowing  formulie: — 

Rj  =  D  Q •  -^ •   <  (v^ COB »  —  u)'{5u  —  Vi cos «) — t^* sin »  / 

=  J)Q'llZ^(euVj^coB»  —  5u^  —  vi\ (9.) 

RiV=DQ   ^^(6wi;i008«  — 5f«?  — 1^)....(10.) 
l_*-  =  _^=(l_Ao(6-eos«-5iJ_l)(ll.) 

The  value  of  1  —  A;"',  by  the  experiments  of  Poncelet  and  General 
Morin,  has  been  foimd  to  be  nearly  the  same  as  for  overshot  and 
breast  wheels; — ^that  is,  it  ranges  from  about  '75  to  '8,  and  is  on 
an  average  about — 

l-F'=-78 (12.) 

The  speed  of  greatest  effideincy  is,  as  stated  in  Article  146,  about — 

«j=-6»iCos«; (13.)    J 

and  then  equations  9, 10,  and  11,  become— 

,H^  <rx  ^  (^1  I'S  cos*  «  —  1)  ,- . . 

Bi  «i  =  (l  -  *"')  D  Q  ^ .  (l-8  cofl«  —  l) ^....(16.) 
1—*'  =  -^^  =(l— *"')  .  (l-8co8«»  — l) (16), 

Taking,  as  in  the  example  at  the  end  of  Article  146,  cos*  •«  -GO, 
and  1  —  Id"-  '78,  ve  find  for  the  greatest  efficiencj: — 
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.(17.) 


•78  X -78  =  -608; 
If  r— A"'= -75,  we  have— 

•75x78  =  -585; 
i         andifl— A:'"=•8,— 
•8x•78=•624. 

HVhen  a  water  wheel  works  ^^damoned,'' — ^ihat  is,  when  the  tail 
race  is  flooded,  so  as  to  immerse  the  lower  part  of  the  wheel,  the 
fiMtor  1 — k"  is  reduced  to  about  0*6;  so  that  the  efficiency  of  a 

I         drofumed  whed  18  ab(nU  three-gyavr^ 

\  149.  €k*ie«  of  s  CisM  mt  WhccL — ^Taking  the  efficiency  of  that 

part  of  the  &1I  which  acts  by  weight  on  a  weight-and-impulse 
wheel  at  0*8,  and  of  that  part  whi(m  acts  by  impulse  at  0*4,  and 
the  efficiency  of  an  impulse  wheel  at  0  6,  it  is  eyident  that  the 

weight-and-impulse  wheel  is  ^    ^^  I  efficient  than  the  impulse 

wheel,  according  as  the  portion  of  the  £sdl  of  the  former  which  acts 

by  impulse  is  <  -^^  >  than  one-half.     In  a  weight-and-impulse 

wheel,  also,  the  speed  of  the  wheel  should  be  about  half  of  that  of 
the  water  when  supplied;  that  is,  should  be  due  to  about  one- 
quarter  of  that  part  of  the  fall  which  acts  by  impulse.     Therefore 

jthe  weight  and  impulse  wheel  is  <     ^^  I  efficient  than  the  impulse 

wheel,  according  as  the  height  due  to  the  sur£iu»  velocity  of  the 

wheel  is  <  j^^^   >  than  oTt^ei^M  of  the  whole  £eJ1  at  the  wheel 

It  is  advisable  that  the  sur&ce  velocity  of  a  water  wheel  should 
not  be  less  than  6  feet  per  second  Eight  times  the  height  due  to 
this  velocity  is  about  4^  feet;  therefore  for  all  &Us  not  exceeding 
this,  the  impulse  wheel  is  certainly  the  best;  and  the  greater  the 
required  suxfaoe  velocity,  the  higher  is  the  limit  of  fall  up  to  which 
the  impulse  wheel  is  superior. 

The  rule  now  laid  down  is  of  course  only  to  be  foUowed  when 
ithere  is  no  good  reason  for  deviating  from  it 

Sectiok  2. — OfOverahot  amd  Breast  Wheels. 


150.  OvwdMt  maA  Br«ut  Wkeeb  dlMiimnlahed. — ^In  order  that 
a  wheel  may  be  a  breast  wheel,  it  must  be  provided  with  the  "breast" 
or  circular  trough  mentioned  in  Article  143,  for  diminishing  the 
spilling  of  water  fix)m  the  buckets.  Although,  therefore,  the  term 
•'overdiot  wheel"  was  originally  employed  to  designate  those 
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wheels  only  in  whicli  the  penstock  is  above  the  level  of  the  top 
of  the  wheel,  so  as  to  shoot  the  water  over  the  wheel,  it  is  desirable 
that  it  should  now  be  extended  to  every  bucket  wheel  which  re- 
ceives the  water  at  a  high  part  of  its  circumference,  and  is  not 
provided  with  a  breast 

The  necessity  for  a  breast  depends  on  the  form  and  dimensions  of 
the  buckets;  and  its  presence  or  absence  does  not  affect  the  prin- 
ciples of  the  action  of  tiie  wheel. 

151.  DMcrlFtlMi  of  s  Brcut  WkeeL — ^The  following  description 
of  a  breast  wheel,  which  may  serve  as  a  type  of  the  entire  class  of 
overshot  and  breast  wheels,  is  extracted  from  a  paper  by  Mr. 
Fairbaim. 

Fig.  59  is  a  sectional  plan  of  the  wheel,  <m  a  scale  of  about  virth 

of  the  real  dimensions.     Fig.  60  is  a  vertical 

section  perpendicular  to  the  axis  of  the  wheel, 
on  a  scale  of  ttv^  and  fig.  61  is  an  enlarged 
vertical  section  of  some  of  the  buckets  and 
part  of  the  sole  plate.  The  wheel  shown  is  50 
feet  in  diameter,  the  greatest  available  Ml 
being  48  feet. 

The  shrouding  of  the  wheel  is  suspended 
from  the  shaft  by  means  of  the  arms,  which 
are  slender  rods  of  wrought  iron,  in  this  case 
from  1^  inch  to  2  inches  in  diameter.  The 
weight  of  the  wheel  exclusive  of  the  water  in 
the  buckets,  homgs  from  the  shaft  by  those 
arms  which  point  obliquely  or  directly  down- 
wards at  the  time.  The  inner  ends  of  the 
arms  are  inserted  into  sockets  in  a  cast  iron 
nave  or  boss,  and  are  fixed  and  pulled  tight 
.  ^  by  means  of  cotters  or  wedges.  Some  of  the 
\  arms,  marked  a,  are  perpendicular  to  the  shaft, 

\    I         and  these  support  the  greater  part  of  the 
\l         weight;  the  other  arms,  marked  h,  run  dia- 
u         gonally,  and  sei've  to  give  stiffiiess. 
I  The  weight  of  the  water  in  the  buckets  is 

borne  by  the  pinion  which  transmits  motion 
Rg.  69.  to  ^Q    machinery,   being    driven  in  inside 

gearing  by  the  cogged  ring  B.  In  the  present  example  the  pitch 
of  the  cogs  is  3^  inches,  and  their  breadUi  15  inches. 

This  improvement  of  ufiong  tension  rods  instead  of  stiff  spokes, 
and  of  placing  the  pinion  so  as  to  support  the  weight  of  the  water, 
and  relieve  the  wheel  shaft  of  all  load  except  the  weight  of  the 
wheel,  is  ascribed  to  Mr.  Hewes.  It  has  greatly  diminished  the 
wdght,  cost^  and  friction  of  large  water  whc^s. 
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A  is  the  ahuttle  or  regolatiiig  sluioe/ which,  as  described  in  Article 
141,  is  a  moTeabk  oyei&ll  delivering  water  over  its  upper  edge, 


Fig.  60. 

and  moved  by  means  of  a  rack  and  pinion,  whose  motions  are  con- 
trolled by  the  governor.  The  figure  of  the  sluice  is  that  of  a  portion 
of  a  cylinder  concentric  with  &e  wheel;  and  so  also  is  the  figure 
of  the  front  of  the  penstock.  The  water  is  delivered  into  the 
buckets  between  a  set  of  grdds  blades,  like  the  bars  of  a  Venetian 
blind,  which  are  so  placed  as  to  cause  the  stream  to  glide  into  the 
buckets  without  striking  them. 

CF  is  the  breast,  to  prevent  the  spilling  of  water  from  the 
buckets.    Its  figure  is  part  of  a  cylinder  concentric  with  the  wheel. 

The  breast,  front  of  the  penstock,  and  edges  of  the  guide  blades, 
are  all  situated  in  one  cylindrical  sur&ce,  as  dose  to  the  drcum- 
ferenoe  of  wheel  as  is  practicable  without  the  risk  of  actual  contact. 
About  0*4  inch  of  clearance  is  sufficient  for  that  purpose. 

At  the  point  F,  10  inches  back  from  a  vertical  line  let  fiadl  from 
the  axis,  the  breast  terminates  with  a  sudden  drop  into  the  tail 
race  R  The  depth,  from  the  lower  edge  of  the  breast  to  the  bottom 
of  the  taQ  race,  is  about  two  feet.  This  allows  the  buckets  to  clear 
themselves  rapidly  of  water  before  beginning  to  ascend,  and  lets 
ihe  tail  water  escape  easily,  without  too  much  loss  of  head. 
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In  fig.  61,  buckets  are  shown  wiUi  a  close  sole  plate,  and  a 

drcalar  air-paasage 
between  the  sole 
plate  and  the  backs 
of  the  buckets,  hav- 
ing an  air  hole  into 
**•  «1-  ^-  ^'  it  from  each  bucket 

for  the  discharge  of  air,  while  the  bucket  is  filling  with  wat^r,  and 
the  re-admission  of  air  while  the  bucket  is  dischaiging  its  water. 
This  construction  is  suitable  for  wheels  which  are  liable  to  be 
drowned  by  the  flooding  of  the  tail  race. 

Another  construction  of  vertical  bucket  is  shown  in  fig.  62; 
the  sole  plate  being  dispensed  with,  and  each  bucket  having  an 
air-passage  behind  &e  bucket  next  above,  opening  into  the  interior 
of  the  wheel 

The  present  mode  of  ventilating  buckets  was  introduced  hy  Mr. 
Fairbaun. 

152.  iHaaieiw  mt  WkecL — The  best  snrfiice  velocity  for  an  over- 
shot or  breast  wheel  being  about  6  feet  per  second,  and  the  best 
velocity  for  the  water  supplied  to  it  being  about  double  of  that^  or 
12  feet  per  second,  which  is  due  to  a  fall  of  about  2^  feet^  it  follows 
that  the  summit  of  the  wheel,  if  it  is  to  receive  the  water  exactly 
on  the  top,  should  not  be  more  than  2\  feet  below  the  top-water 
level  in  the  penstock.  The  bottom  of  the  wheel  should  just  dear 
the  water  in  the  tail  race.  Therefore  the  diameter  of  &e  wheel 
should  not  be  leas  than 

The  avaUahU/all--2\  feet; .'(1.) 

and  this  applies  to  overshot  wheels  not  ventilated 

But  in  order  that  the  water  may  not  escape  through  the  air- 
passages  of  wheels  with  ventilated  buckets,  it  is  advisable  that  the 
water  should  be  fed  to  the  wheel  at  about  30^  below  the  sunmdt; 
that  is  to  say,  at  a  depth  of  about  -933,  or  1  -^  1*072  of  the 
diameter  below  the  summit.  Therefore,  for  such  wheels,  it  is 
advisable  to  make  ^Ae  diameter  not  less  them 

1-072  X  (available  iyi—2i  feet); (2.) 

and  this  rule  will  answer  when  the  level  of  the  water  in  the  pen- 
stock is  not  mbject  to  theflttctuations  of  more  them  about  afoot. 

When  the  level  of  the  water  in  the  penstock  is  subject  to  greater 
fluctuations  fchan  this,  it  is  desirable,  in  order  to  facilitate  the  adjust-* 
ment  of  the  position  of  the  regulating  sluice  to  those  fluctuations, 
that  the  wheel  should  receive  the  water  at  a  place  where  its 
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drcomfereiioe  is  more  nearly  vertical ;  that  is,  at  fi^m  60^  to  90° 
below  the  summit;  so  that  the  diameter  shotQd  be 

/rommo2  x  (available  fall— 2^  feet); .'.(3,) 

These  roles  are  not  given  to  be  implicitly  followed,  but  only  to 
guide  the  engineer  when  there  are  no  other  circumstances  to  fix 
his  choice  of  a  diameter  for  the  wheel 

153.  PiBiMi  aad  c«giie4  BJag. —  The  position  of  the  pinion 
should  be  such,  that  the  pitch^pomt,  where  its  teeth  are  driven  by 
those  of  the  cogged  ring,  may  be  in  the  same  vertical  plane  parallel 
to  the  axis,  with  the  centre  of  gravity  of  the  mass  of  water 
contained  in  the  buckets. 

The  distance  of  the  centre  of  gravity  of  a  circular  arc  fcom  the 
centre  of  the  circle  is  given  by  the  formula, 

Badius  x  chord 
length  of  arc    ^ 

and  if  this  be  applied  to  an  arc  traversing  the  full  buckets,  midway 
between  the  sole  plate  and  ^e  outer  circumference  of  the  wheel, 
it  will  give  the  position  of  the  centre  of  gravity  of  the  descending 
wat^  very  nearly. 

It  would  be  desirable  that  there  should  be  a  pair  of  cogged  rings, 
one  at  each  side  of  the  wheel,  driving  a  pair  of  pinions,  in  order  to 
relieve  the  shaft  of  all  pressure  arising  from  the  weight  of  the 
water;  were  it  not  that  it  has  been  found  impossible  in  practice  to 
obtain  such  exact  fitting  of  the  two  rings  and  two  pinions  as  to 
insure  perfect  equality  of  pressure  and  smoothness  of  motion. 

154.  0irai«tli  of  OiUicMMb — ^The  gudgeons,  or  ends  of  the  wheel 
shaft  on  which  it  turns,  have  each  to  bear,  when  the  wheel  is 
unloaded  and  at  rest,  one-half  of  the  weight  of  the  wheel  When 
the  wheel  is  loaded  and  in  motion,  the  gudgeon  nearest  the  co^ed 
ring  has  to  bear  half  the  weight  of  the  wheel  less  about  half  the 
we^t  of  the  water,  and  the  gudgeon  farthest  fix)m  the  cogged  ring, 
half  the  weight  of  the  wheel  added  to  about  half  the  weight  of  the 
water. 

Let  L  denote  the  greatest  actual  load  on  a  given  gudgeon  in 
pounds ;  then  if  its  length  is  irom  five-sixths  of  its  diameter  to  about 
equal  to  its  diameter,  its  proper  diameter  in  inches  is  about 

30 

155.  iWiiMgili  •r  Mtam- — The  weight  is  sapported  by  the  several 
araw  which  point  directly  or  oUiqnely  downwards,  very  nearly  in 
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1^6  proportion  of  the  aqnaies  of  the  codneB  of  their  incliiiationB  to 
the  verticaL 

Let  {,  then,  denote  the  inclination  of  any  one  arm  to  the  vertical 
at  a  given  inatant,  and 

S-ooe^t 

the  som  of  the  squares  of  the  cosines  of  the  inclinations  to  the 
vertical  of  the  several  arms  which  point  downwards  at  the  given 
instant    Also,  let  W  be  the  total  weight  to  be  supported.     I^ien 

'^  =  2^- <^) 

is  the  greatest  tension  on  any  radial  arm,  at  the  instant  when  it 
comes  in  its  turn  to  point  vertically  downwards ;  and  allowing 
10,000  lbs.  on  the  square  inch  as  a  safe  working  tension  on  wrought 
iron  bars, 

T 

Ipoo • ^^'^ 

is  the  proper  sectional  area  for  each  radial  arm,  in  square  inches. 

Let  i  denote  the  least  inclination  to  the  vertical  of  each  of  the 
oblique  arms ;  then  the  proper  sectional  area  for  each  of  them  is 

IS^ (S.) 

10,000 ^  ^ 


156,  SpeeA  maA  IMMoutoMi  •T  manmUm^  —  The  least  ear&oe 
velodiy  for  overshot  and  breast  wheels  is  about  6  feet  per  second. 
Deviations  from  that  velocity  may  be  made  for  particular  purposes  ; 
but  it  is  seldom  desirable  to  go  below  4^  f^et,  or  above  8  feet  per 
second.  The  tlepth  of  the  shrouding  or  crowns  between  which  the 
buckets  are  contained,  ranges  from  1  foot  to  If  foot,  its  most  usual 
value  being  about  1^  foot.  Let  this  be  denoted  by  b.  It  is  also 
the  extreme  hrecuUh  of  each  bucket,  measured  in  the  direction  of  a 
radius  of  the  wheel 

Let  I  be  the  dear  brecuUh  between  the  crowns,  being  also  the 
dear  kng^  of  each  bucket 

Let  r  be  the  outside  radius  of  the  wheel ;  u,  as  before,  its  sur&ce 
velocity. 

In  order  to  avoid  as  fiir  as  possible  the  waste  of  water  by  spilling 
from  the  buckets,  it  is  considered  that  only  about  two-thinls  of  the 
space  between  the  crowns,  on  the  loaded  arc  of  the  wheel,  ou^t  to 
ho  filled  with  water.  The  whed,  then,  cazncNi  down  water  at  the 
following  rate  per  seoond  (all  the  dimensions  beiug  in  feet) :— > 


BUGKxn— crciDK  sLuom—iaatfuaoau 
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Q  =  lulb{l-^); (1.) 


from  which  we  deduce  the  following  formula  to  determine  the  dear 
breadth  of  tohed,  or  length  of  buoket,  ?,  when  Q,  t^  r,  and  6,  are 
given :— 

> 1^^ w 


"•<■{'-}?)' 


157.  VUpan  and  AiMouimu  •T  Backcta.^ — ^The  general  figure  of 
buckete  has  already  been  illustrated.  It  is  usual  to  make  die  dis- 
tance between  their  bottoms,  measured  along  the  sole  plate,  equal 
to  the  depth  of  the  shrouding  b. 

The  width  of  the  opening  between  the  lip  of  each  bucket  and  the 
front  of  the  bucket  next  above,  when  the  wheel  receives  the  water 

near  the  top,  may  be  made  =  -=  6 ;  but  the  lower  the  wheel  receives 

the  water,  the  wider  must  that  opening  be  made ;  and  as  a  general 
rule^  when  the  inclination  to  the  horizon  of  the  wheel's  circum- 
ference at  the  place  where  it  receives  the  water  exceeds  24^,  the 
proper  width  is  about 

jr  X  sin.  inclination. 


158.  CtaMe  BiiidMi  aad  itogwim— —  Aw  already  shown  in  fig.  63, 
the  water  is  supplied  to  the  wheel  between  a 
series  of  guide  blade& 

These  blades  are  from  three  to  four  inches 
apart,  and  their  lower  edges  come  within 
about  0*4  inch  of  the  wheel  They  are  usually 
of  cast  iron,  aboutthree-eighthsofaninch  thick. 

Their  positions  are  determined  by  the  fol- 
lowing method,  founded  on  the  principles  of 
Article  145 : — 

In  fig.  63,  let  A  B  be  a  section  of  a  bucket, 
B  its  lip.  Draw  the  straight  line  B  D  H  a 
tangent  to  the  circumference  of  the  wheel ; 
and  make  B  P.=  u,  the  surface  velocity ;  and 
B  H  =  2 1^.  Draw  D  L  parallel  to  a  tangent 
to  the  lip  of  the  bucket;  draw  H  C  perpen- 
dieularto  BH,  cutting  DLin  G;  join  BC. 

Then  B  C  represents  the  best  velocity  v^  for  the  supfdj  of  water 
to  the  wheel ;  and  the  middle  outlet  betweeii  the  series  of  guide 


Fig.  68. 
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blades  is  to  be  placed  at  the  depth  below  the  topwater  level  in  the 
penstock  due  to  that  velocity,  viz. : — 

ft <^> 

Also,  .^  H  B  G  will  be  the  proper  angle  for  the  guide  blades  of 
the  middle  outlet  to  make  with  the  tangents  to  the  circumference 
of  the  wheel  at  the  points  where  thej  meet  it^  in  order  that  the 
water  may  slide  into  the  bucket  without  collision.  It  appears  that 
the  c(heffioient  of  eorUraction  for  orifices  between  guide  blades  is 
about 

c  =  0-75; (2.) 

consequently,  the  total  area  of  the  outlets  required  for  the  flow  Q, 
is  given  approximately  by  the  formula, 

^  =  3-|' (3) 

and  this  is  to  be  provided  by  having  a  sufficient  number  of  outlets 
before  and  behind  the  middle  outlet. 

The  positions  of  the  guide  blades  for  these  outlets  are  found  as 
follows : — 

Take  the  depth  of  the  narrowest  part  of  each  outlet  below  the 
topwater  level  of  the  penstock ;  compute  the  velodty^  due  to  that 
depth ;  from  B  lay  ofiP  distances,  such  as  B  K,  B  L,  representing 
those  velocities,  so  as  to  find  a  series  of  points,  such  as  K,  L,  in  the 
line  DCL;  then  will  .^HBK,  .^HBL,be  respectively  the 
proper  inclinations  to  tangents  to  the  wheel,  for  the  guide  blades 
of  outlets  where  the  velocities  are  B  K,  B  L ;  and  so  on  for  other 
guide  blades. 

The  formula  3  gives  a  totaJ  area  of  outlet  rather  greater  than  is 
absolutely  necessary;  but  this  is  the  best  side  to  err  on,  as  any 
excess  of  outlet  can  be  closed  by  the  regulator. 

Besides  computing  the  area  of  the  outlets  between  the  guide 
blades,  the  height  of  the  topwater  above  the  regulator,  necessary  to 
give  the  required  flow  Q,  treating  the  regulator  as  an  overfall  with 
&e  co-efficient  of  contraction  0*7,  should  be  computed  by  the  for- 
mula 


''-(Ay-' <^> 


and  the  depth  of  the  upper  edge  of  the  lowest  guide  blade  below 

the  topwater  level  should  be  made  not  less  than  ti^e  height  so  found 

159.  BvcMt-^TaU  ]lace.-^When  the  width  of  the  opening  of  the 

bucket  is  only  about  one-fourth  or  one-fifth  of  the  depth  of  the 


EFFICflBKCr— H0B8B-K>WEBr-*HIGH  SPEEDS.  185 

shioading,  tbat  is^  when  the  wheel  receives  the  -water  within  about 
3(f  of  the  top,  the  breast  is  mmeoessaiy ;  but  for  greater  openings 
of  the  bucket,  it  is  required 

The  tail  race,  according  to  Mr.  Eairbaim,  should  commence  at 
10  inches  behind  a  verticsLl  line  let  &11  firom  the  axis,  and  shotQd 
be  at  least  1^  foot  or  2  feet  deep  at  the  commencement. 

160.  The  Bfldmcy  is  found  by  the  formuLe  of  Article  148, 
putting  for  •  the  angle  H  £  C  of  fig.  63. 

As  a  small  proportion  only  of  the  energy  exerted  by  the  water 
on  an  overshot  or  breast  wheel  is  due  to  impulse,  the  loss  of 
efficiency  by  moderate  deviations  from  the  best  sur&oe  velocity  is 
bat  smalL  Thus,  although  the  sur&ce  velocity  of  greatest  effi- 
ciency is 

Vi  cos* 
^=      2~' 
that  velocity  may  vary  between  the  limits 

0*3  {v^  cos  «)  and  0*7  {v^  cos  «) 

without  any  important  waste  of  energy. 

If  the  average  efficiency  of  overshot  and  breast  wheels,  designed 
and  constructed  in  the  best  manner,  be  estimated  at  0*75,  it  follows 
that  the  eneigy  of  the  available  fall,  from  the  penstock  to  the  tail 
race,  to  give  one  effecHve  horse^ptnoer,  is  on  an  average, 

33  000 
'jl     =  UfiOOfoot^.  per  minute. 


161.  Orwiht  Wkeeb  at  High  8p<»«i  {A.  if.,  634).— In  a  few 
cases  of  not  very  ordinary  occurrence,  it  is  necessaiy  to  give  the 
wheel  so  great  a  speed  that  the  centrifrigal  force  causes  a  sensible 
proportion  of  the  water  to  be  spilt  from  the  buckets  during  their 
descent. 

In  fig.  64,  let  0  represent  the  axis  of  the  wheel, 
and  B  a  bucket  Let  a  denote  the  cmg\d(vr  velocity 
of  the  wheel,  whose  value  is 

u 

«=? (1) 

Take  C  A  vertically  upwards  from  the  axis,  to  re- 
present, as  given  by  the  equation 

TTT      Sf^_9_      9  ,ov 

where  n  is  the  number  of  reYolutions  per  second    Then  the  surface 
of  the  water  in  the  bucket^  peipendicular  to  A  B. 
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The  height  of  A  above  0  is  independent  of  every  dreamEtanoe 
except  the  time  of  revolution;  being,  in  fact,  the  height  of  a 
revolving  pendulum  which  revolves  in  the  same  time  with  the 
wheel  (see  Article  19).  The  point  A  is  the  same  for  all  buckets 
carried  by  the  same  wneel  with  the  same  angular  velocity,  and  for 
all  points  in  the  sur&ce  of  the  water  in  the  same  bucket,  whether 
nearer  to  or  farther  firom  the  axis  0 ;  so  that  the  upper  sur&oe  of 
the  water  in  each  bucket  is  part  of  a  cylinder  described  about  an 
axis  traversing  A,  and  parallel  to  the  axis  of  the  wheel 

By  drawing  a  vertical  section  of  the  circle  of  buckets  to  a  scale, 
findmg  this  point  A,  and  describing  arcs  about  it  to  represoit  the 
sur&ce  of  the  water  in  each  bucket,  the  waste  of  water  and  of 
energy  by  centrifugal  force  may  be  determined.  K  A  is  in  the  cir- 
cumference of  the  wheel,  no  water  can  enter  the  buckets. 


SEcnoN  3.--Q/'  Undershot  Wheels. 

162.  DMcrlpctoB  mfm  P«Mcel«t  WhML — ^The  wheel  represented 
in  fig.  65  is  one  erected  in  England  by  Mr.  Fairbaiin,  and  is  of  the 


Fig.  65. 

best  design  in  eveiy  respect  except  one,  viz.,  that  the  bottom  of  the 
wheel  race  is  straight,  instead  of  being  curved  in  a  manner  which 
wiU  be  described  in  Article  166. 

A  is  the  reservoir ;  B,  the  wheel  race ;  C,  the  regulating  sluice, 
held  against  the  pressure  of  the  water  by  jointed  links,  balanced 
by  a  counterpoise,  and  moved  by  a  rack  and  pinion ;  D,  the  wheel, 
having  a  pair  of  crowns,  no  sole  plate,  and  a  series  of  curved  vanes; 
E,  the  tail  race,  with  a  drop  into  it  £rom  the  end  of  the  wheel  race, 
as  for  a  breast  wheel 

163.  AiMMicr  Af  WheeL—When  not  fixed  by  other  oonsidera- 
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iioiiBy  it  IB  xmaal  to  make  the  diameter  of  the  wheel  about  double 
ihefidL 

164  The  »iinh  •r  MnroiiBg  ought  to  be  sufficient  to  prevent  the 
-water  which  glides  up  the  yanes  from  OTerflowing  their  upper  edges ; 
because  in  order  to  produce  the  best  efficiency,  the  water  should 
all  glide  dowu  agaiUy  and  glance  off  at  the  lower  edges  of  the  vaiie& 

The  best  velocity  of  the  water  relatively  to  the  vanes  is  about 
0*4  of  the  velocity  of  supply  v^ ;  but  to  provide  for  the  contingency 
of  that  velocity  amounting  to  0*7  v^y  it  is  advisable  to  give  the 
shrouding  the  deptii  due  to  0*7  v^ ;  that  is  to  say,  abaui  half  the 
defikfrcm  tka  iopuxUer  hvd  in  the  pendock  to  the  miilet  of  the  dmce, 

16d.  The  BcgaiaiiHs  Abdce  is  placed  as  dose  as  possible  to  the 
wheel,  and  is  consequently  inclined.  The  co^effident  of  eontraction 
c  of  its  outlet  (as  already  stated,  Artide  140),  is  from  0*74  to  0*8 ; 
tberefoie,  the  depth  of  its  opening  is  from  four-thirds  to  five-fourths 
of  the  depth  of  iJbe  stream  which  issues  from  it 

The  greatest  depth  of  that  stream  should  not  exceed  about  one- 
fifth  of  the  depth  of  the  shrouding ;  therefore,  the  depth  of  opening 
of  the  sluice  for  the  maaamvm  fiofw  should  be  about  one-fourth  of 
the  depth  of  the  shrouding,  or  one-eighth  of  the  depth  of  the 
centre  of  the  orifice  bdow  the  topwater  level 

Let  Q  be  the  greatest  flow  to  be  used,  in  cubic  feet  per  second ; 

A',  the  depth  of  the  middle  of  the  orifice  below  topwater; 

dy  the  depth  oi  the  orifice ;  , 

ly  the  fmg&i  of  the  orifice,  or  6r0ae£A  of  the  opening  of  the  sluice; 
then 

Q  Q 


;= 


cdx\     cdJ2gh!' 


all  dimensions  being  in  feet. 

166.  The  wimi  Bace  is  designed  as  fdllows  (see  fig.  66)  : — 
Draw  H  E  G  a  tangent  to  the  wheel,  with  a  declivity  of  one  in  ten. 
This  declivity  is  to  preserve  the  vdodty  of  supply  v^  undiminished. 

At  the  height  c  d  (Artide  < 

165)  above  H  E  G,  draw     mibJ^  i  i'' 

K  l!i  to  represent  the  upper      ^         \c  \  \         I  7 

surface  of  the  stream,  meet-  \    \  \v       j       >/ 

ing  the  circumference  of  the  \  \  /tH''^ 

wheel  at  the  point  L.   Then  ----Si^XM^/  \l  y 

make  the  section  of  the  bot-  ■•--  "^><^ yt   ^^.-^-^ 

torn  of  the  wheel  race  from  ^      "^^^^^u  jn^^i— 

Q  to  F  an  arc  of  a  circle,  F  I 

equal  to  G  L,  and  of  the  L-  ^ 

same  radius ;    that  is,  the  ^ 

radius  of  the  wheel 
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From  G  to  E  the  wheel  race  is  formed  so  as  to  clear  the  wheel 
by  about  0*4  inch. 

167.  The  BurteM  TdMitf  of  the  wheel  for  the  greatest  efficiency 
hafi  already  been  stated,  in  Article  146,  to  be 

t«j=r  '6v^  cos  « (1.) 

In  this  expression,  «  is  to  be  held  to  represent  the  meam,  angle 
which  the  stream  makes  with  a  tangent  to  the  wheel,  which  is  very 
nearly 

tfs^arc.  yersm.  — (2.) 


168.  Tmmb  ot  fi— ii.  AlO  to  the  number  of  vanes,  from  two  to 
three  in  the  length  of  the  arc  L  G  are  in  general  enougL 

The  determination  of  the  proper  form  for  those  vanes,  near  theii* 
outer  edges,  has  already  been  explained  in  Articles  145, 146.  They 
are  usually  curved  in  a  circular  arc,  so  that  their  inner  ends  are 
tangents  to  radii  of  the  wheel 

169.  The  BfldMUT  has  been  stated,  in  Article  148,  to  be  about 
0*6  when  the  wheel  is  not  drowned,  and  0*48  when  it  is  drowned. 
At  these  rates,  the  energy  of  the  available  £Edl  from  the  penstock 
to  the  tail  race,  for  each  effective  horee^power,  is 

Foot-Ibe.  per  miniite. 

For  the  undrowned  wheel, fi    ~  S5»^^^ 

For  the  drowned  wheel, Mz???  =  68,750. 

0*40 


170.  Wl»el  In  mm  Open  Cnreat.  —  Wheels  of  this  class  are 
carried  by  boats  moored  in  a  rapid  current.  Their  floats  are  usually 
plane  and  radial,  and  fixed  at  distances  apart  equal  to  their  length 
in  the  direction  of  a  radius. 

According  to  the  experiments  of  Poncelet,  the  following  is  the 
useful  work  per  second  of  such  a  wheel;  v-^  being  the  velocity  of  the 
current ;  u,  that  of  the  centre  of  a  float ;  A,  the  area  of  a  float  in 
square  feet  j  and  D,  the  weight  of  a  cubic  foot  of  water  : — 

R^=o.8^AEi>i:iii!f. 
9 

According  to  this  formula,  the  velocity  of  the  centres  of  the  floats 
for  the  greatest  efficiency  is  half  the  velocity  of  the  current ;  and 
the  efficiency  at  that  speed  is  0*4,  if  A  v^  ^  taken  to  represent  the 
volume  of  water  acting  on  the  wheel  in  a  second. 
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CHAPTER  VI. 

OF  TUBBIKEB. 

Section  1. — Omeral  Principles. 

171.  TnMaes  OMititally  l^cMilked  mmA  CluMed. — A  turbine  is  a 
water  wheel  with  a  vertical  axis,  receiving  and  discharging  water 
in  Yarious  directions  round  its  drcumferenoe.  The  wheel  consists 
of  a  drum  or  annular  passage^  containing  a  set  of  suitably  formed 
vanes,  which  are  curved  backwards  in  such  a  manner,  that  the 
water,  after  glancing  off  them,  is  left  behind  with  as  little  energy 
as  possible. 

Turbines  have  the  advantage  of  being  of  small  bulk  for  their 
power,  and  equally  efficient  for  the  highest  and  the  lowest  falls. 

The  supply  of  water  takes  place  either  directly  from  a  reservoir, 
in  which  case  the  wheel  is  phused  close  to  a  suitable  opening  at  the 
bottom  of  the  reservoir,  or  through  a  supply  pipe  and  wheel  case. 
The  former  method  is  the  best  suited  to  moderate  falls,  the  latter 
to  very  high  £eJ1& 

The  opening  through  which  the  water  is  delivered  to  the  wheel 
is  in  most  cases  funushed  with  ffuide  blades,  to  make  the  water 
arrive  at  the  wheel  in  the  direction  best  suited  to  drive  it  efficiently. 

Turbines  may  be  divided  into  three  classes,  according  to  the 
direction  in  which  the  water  moves  before  reaching  the  guide 
blades,  and  after  leaving  the  wheel,  viz. : — 

I.  PcMToUd  Flaw  Turbines,  in  which  the  water  is  supplied  and 
discharged  in  a  current  parallel  to  the  axis. 

IL  Outfuxj/rd  Flow  TuMnes,  in  which  the  water  is  supplied  and 
discharged  in  currents  radiating  from  the  axis. 

IIL  Inward  Flow  Turbines,  in  which  the  water  is  supplied  and 
dischaiged  in  currents  converging  radially  towards  the  axis. 

Those  three  classes  of  turbines  differ  in  certain  details;  but  there 
are  general  principles  which  are  applicable  to  them  all,  and  general 
equations  which  are  adapted  to  any  one  of  them  merely  by  assigning 
suitable  values  to  certain  symbols  in  them.  The  diagrams  which 
will  now  be  given  show  the  general  arrangement  of  the  principal 
parts  of  each,  the  details  of  their  construction  being  reserved  until 
later. 

Eig.  67  represents  a  parallel  flow  turbine.      A  is  the  supply 
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chamber,  being  an  annular  passage  through  the  bottom  of  the 
reservoir,  which  contains  the  guide  blades ;  these  are  vertical  at 


Fig.  67. 


V\g,$9. 


Fig.  70. 


Fig.  71. 


their  upper  edges :  the  form  and  position  of  their  lower  edges,  as 
shown  by  dotted  lines,  are  such  as  to  direct  the  water  in  several 
small  streams  or  jets  obliquely  against  all  parts  of  the  drcum-^ 
ferenoe  of  the  wheel  B.  The  whed  B  consists  also  of  an  annular 
passage  between  two  cylindrical  drums,  containing  a  series  of  vanes, 
resembling  the  guide  blades  in  shape,  but  turned  with  their  lower 
edges  pointing  backwards. 

Fig.  68  shows  a  vertical  section  of  a  few  of  the  guide  blades  C, 
and  vanes  D. 

Fig.  69  is  a  horizontal  section  of  part  of  an  outward  flow  turbine ; 
A  is  the  supply  chamber,  being  a  vertical  cylinder  with  a  ring  of 
openings  round  its  lower  end ;  C  are  the  guide  blades  for  directing 
the  water  obliquely  forwards  as  it  rushes  out  of  these  openii^ ;  B 
is  the  wheel  surrounding  the  ring  of  openings,  and  consisting  of  a 
pair  of  crowns,  or  flat  rings,  with  a  series  of  curved  vanes  D  between 
them;  these  vanes  are  radial  at  their  inner  edges,  and  directed 
obliquely  backwards  at  their  outer  edges. 

Fig.  70  represents  a  plan  of  one  form  of  the  reacUan  whied — ^a 
kind  of  outward  flow  turbine  withoiit  guide  blades.  The  water  is 
conducted  by  a  vertical  supply  pipe  A  into  the  centre  of  a  rotating 
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liollow  disc,  proTided  with  two  or  three  hollow  arms,  which  di&- 
chaige  the  water  through  orifices  directed  backwards.  In  the 
figure,  the  hollow  disc,  and  its  two  arms  B  B,  are  shown  of  such  a 
form  as  to  leave  the  largest  possible  space  for  the  motion  of  the 
water  from  the  centre  of  the  disc  towards  the  circumference,  in 
cider  to  avoid  Motion,  and  for  other  reasons  which  will  afterwards 
^>pear.  C,  C,  are  the  orifice&  The  circumferences  of  the  arms 
^  B,  here  perform  the  functions  of  vanes. 

Fig.  71  is  a  horizontal  section  of  an  imowrd  flow  twrbine.  A  is 
the  supply  chamber ;  0,  one  of  the  guide  blades,  directing  the  water 
ohliquelj  forwards  against  the  wheel ;  B  is  the  wheel,  occupying  a 
central  space  surrounded  by  the  supply  chamber,  and  discharging 
the  water  through  openings  in  its  centre ;  it  consists  of  a  pair  of 
crowns  with  a  set  of  curv^  vanes  D  between  them :  these  vanes 
are  radial  at  their  outer  ends,  and  are  directed  obliquely  backwards 
at  their  inner  ends. 

In  treating  of  the  theory  of  the  effidenc^  of  turbines,  it  will  be 
assumed  that  they  are  constructed  of  the  forms  and  proportions, 
and  worked  in  the  manner  most  favourable  to  efficiency,  according 
to  rules  which  will  presently  be  explained.  The  waste  of  power 
caused  by  deviations  from  those  rules  can  afterwards  be  allowed  for 
by  means  of  empirically-found  multipliers. 

172.  By  Tctocifr  of  Fi«w  is  to  be  understood  the  velocity  of  that 
component  of  the  motion  of  the  water  by  which  it  is  carried 
towards,  through,  and  away  from  the  wheel;  that  is,  the  com- 
ponent, whether  parallel  to  the  axis  or  radial,  which  is  at  right 
angles  to  the  motion  of  the  vanea 

Let  A  denote  the  total  effective  sectional  area  in  square  feet  of 
the  orifices  through  which  the  water  passes,  whether  in  the  wheel, 
or  amongst  the  guide  blades,  as  measured  upon  a  sur&ce  perpen- 
dicular to  the  direction  of  the  flow;  that  is,  in  a  parallel  flow  tur- 
bine, on  a  plane  perpendicular  to  the  axis,  and  in  an  outward  or 
inward  radial  flow  turbine,  on  a  cylindrical  surface  described  about 
the  axis. 

Let  Q  be  the  volxune  of  water  used  in  cubic  feet  per  second. 
Then 

Q^A (1.) 

is  the  velocity  of  flow.  * 

Inasmuch  as  sudden  changes  in  the  velocity  of  a  stream  are 
accompanied  with  waste  of  energy,  it  is  desirable  that  the  velocity 
of  flow  should  either  be  constant,  or  change  slowly  during  the 
T^aasage  of  the  water  through  the  wheel 

In  parallel  flow  turbines,  such  as  fig.  67,  the  velocity  of  flow 
would  be  made  constant,  if  the  vanes  were  insensibly  thin,  by 
wmlriTig  the  drum,  or  «^T>T>"l'>^y  case  containing  the  vanes,  simply 
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cylindiical;  but  owing  to  the  obliquity  of  the  vanes  at  their  lower 
edges,  they  occupy  more  of  the  passage  there  than  at  their  upper 
edges;  so  that  the  drum  has  to  be  made  to  spread  a  little  at  its 
lower  end,  as  will  be  shown  afterwards  in  the  detailed  figure. 

In  radial  flow  turbines,  the 
uniformity  of  the  velocity  of  flow 
may  be  insured  by  matring  the 
vertical  section  of  the  drum  of 
the  wheel  of  the  shape  shown  in 
—  ^.  72;  that  is  to  say,  let  O  X 
be  the  axis ;  O  R  a  radius  at  the 
middle  of  the  depth  of  the  wheel ; 
the  vertical  sections  M  N,  P  Q, 
of  the  rings  or  crowns  between 
*•  ^^'  which  the  vanes  are  carried  are 

to  be  portions  of  hyperbolas  having  O  X  and  O  R  for  asymptotes; 
or  in  other  words,  the  depths  of  the  inside  and  outside  circum- 
ferences of  the  wheel,  M  P,  N  Q,  are  to  be  inversely  as  their  respec- 
tive radii 

Out  of  the  available  head  A^  in  the  supply  chamber,  there  will  be 
expended  to  produce  the  velocity  of  flow,  when  that  changes 
gradually  or  not  at  all, 

ITKV <^> 

where  A^  denotes  the  sectional  area  of  the  stream  where  it  leaves 
the  wheel 

173.  Tetodtf  of  WktarL — ^Let  V  denote  the  whirlmg  or  tangerUial 
component  of  the  velocity  with  which  the  water  issues  &om 
between  the  guide  blades  and  arrives  upon  the  wheel  This  is  the 
velocity  which  would  be  computed  by  dividing  Q  by  the  sum  of  the 
effective  areas  of  the  openings  between  the  guide  blades,  as  measured 
upon  the  planes  marked  E  F  in  fig.  68.  It  is  evident  that  the 
vdocUy  of  flow  has  the  following  value  in  terms  of  this  initial  vdo- 
oitt/  ofwkvrl : — 

A  =  ^'f5  =  ^'^*^ ^^^ 

«» =  .^  F  G  E  being  the  inclination  of  the  guide  blades  to  the 
direction  of  the  whirling  motion. 

The  ordinary  values  of  «  range  from  22°  to  35°  in  different 
examples;  and  about  30°  may  be  taken  as  an  average  value. 

In  order  that  the  water  may  work  to  the  best  advantage,  it 
should  enter  the  wheel  without  shock,  and  leave  it  without  whirl- 
ing motion;   for  which  purpose,  the  velocity  of  whirl,  on  first 
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entering  the  wheel,  should  be  equal  to  that  of  the  first  circum- 
ference of  the  wheel,  and  the  vdocUy  ofuhvrl  rdativdy  to  the  whed, 
on  leaving  the  wheel,  should  be  equal  and  contrary  to  that  of  the 
second  circumference  of  the  wheeL 

Consequently,  the  ratio  of  the  latter  of  these  velocities  (w)  to  the 
former  M  should  be  that  of  the  radius  of  the  discharging  side  of 
the  wheel  to  the  radius  of  the  receiving  side.  Let  n  denote  that 
ratio;  then  w  =znv;  in  which, 

for  a  parallel  flow  turbine,  w  =  1 ; 
for  an  outward  flow  turbine,  nz^  I; 
for  an  inward  flow  turbine,    w  .^  1 ; 

and  if  the  drum  is  made  of  that  figure  which  causes  the  velocity  of 
flow  to  be  uniform,  the  angle  /9  =  .^^  H  K  L  in  fig.  68,  which  the 
hinder  edges  of  the  vanes  make  with  a  tangent  to  "^e  wheel,  should 
have  the  value  given  by  the  equation 

.      ^      H  K      tan »  ,„  v 

tan  fi  =  -=r-^  =r : (3.) 

ILL  n     '  ^   ^ 

and  as  H  L  =  n  *  E  G,  this  formula  is  equivalent  to  the  follow- 
ing:—         

H  K  =  E  F ; (3  A.) 

174.  Bfldeacj  wlth«Ht  Frictlmi. — The  following  investigation 
has  reference  to  the  case  in  which  the  supply  of  water  is  sufficient 
to  fill  the  orifices  and  channels.  Bef  erence  will  be  made  in  it  to 
the  principle  of  the  equality  ofa/ngvlcvr  impulse  cmd  cmgvla/r  momenr 
turn — a  consequence  of  the  second  law  of  motion,  which  will  now 
be  explained  {A,  If.,  560,  561,  562). 

Let  a  body  whose  weight  is  W  move  with  a  velocity  V  in  a  given 
direction  relatively  to  a  point  C;  let  r  denote  the  length  of  a  per- 
pendictdar  let  fall  from  C  u|X)n  a  tangent  to  the  path  of  the  body 
Ws  motion. 

Then  the  cmfftUar  momentum  of  W  relatively  to  C  means  the 
quantity 

W  Vr 


Let  M  denote  the  moment  of  a  c&uple  of  equal  and  opposite,  but 
not  directly  opposed,  forces ;  that  is,  the  product  of  their  common 
magnitude  into  their  a/nn  or  lever,  which  is  the  perpendicular  dis- 
tance between  the  lines  along  which  they  act. 

The  (mgular  impuUe  of  such  a  couple  means,  the  product  of  its 
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moment  into  the  time  during  which  it  act&  To  produce  a  given 
change  in  the  angular  momentum  of  a  body,  an  equal  angular 
impidse  is  required — a  principle  expressed  by  the  equation 

Md<  =  y-rf(Vr) (1.) 

To  apply  this  to  the  action  of  water  on  a  turbine,  the  weight  of 
water  acting  in  a  second  (D  Q)  is  to  be  ascertained;  when  the 
moment  of  the  couple  exerted  between  it  and  the  wheel  will  be 
measured  simply  by  the  change  which  its  angular  momentum 
undergoes  in  passing  through  the  wheel 

The  product  of  that  couple  into  the  angular  velocity  of  the  wheel 
a  is  the  energy  exerted  by  the  water  on  the  wheel  in  a  second 
(Article  5). 

L  CofnputcOion  of  the  Energy  Exerted  by  the  Water  on  the  WheeL 
— ^Let  r  be  the  radius  of  the  wheel  where  it  receives  the  water. 
(For  parallel  flow  turbines,  the  mean  radius  may  be  taken.)  Then 
91  r  is  its  radius  where  it  discharges  the  water,  and  a  r,  and  nar, 
are  its  two  surfiEice  velocitiea 

Then,  the  velocity  of  whirl  of  the  water  when  it  enters  the 
wheel  being  v,  its  imtial  cmguUmr  momentwm  per  second  is 

DQrr 

and  as  the  velocity  of  whirl  of  the  water  when  it  leaves  the  wheel^ 
as  determined  by  the  conditions  of  Article  173,  is 

nar  —  w  =  n{ar  ^  v)y 
ita  final  angular  momentwn  per  second  is 
D  Q  w^  (g  r  -  y )  r 
9  ' 

the  difference  between  these  quantities,  being  the  moment  of  the 
couple  exerted  between  the  water  and  the  wheel,  is 

M  =  D Q  .a  +  «^»"-^'«^ (2.) 

and  the  energy  exerted  per  second  by  the  water  on  the  wheel  is 

M  a  =  D  Q  •  (l+«^«y-«'«'^ (3.) 

The  fisM^r  by  which  D  Q  is  multiplied  in  equation  3  is  the 
effective  head,  nc^ecting  friction. 
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IL  CampuioHan  of  the  Energy  Expended, — This  calculation  is 
best  made  by  finding  the  head  required  to  produce  the  various 
velocities  that  are  given  to  the  water. 

To  produce  the  jmA  vdocUy  qfjhw  n  v  tan  /S,  there  is  required 
the  head 

w2t>2tan«/8^2^. 

To  produce  the  irwtial  vdocUy  of  whirl  v,  there  is  required  the 
head 

To  produce  the  reversed  relative  velocity  ot  whirl  with  which  the 
water  leaves  the  wheel,  w  =  nvy  there  is  requii-ed  the  head 

and  to  balance  centrifugal  force,  the  head 
a2r2(l-n2)-r25r, 

i  negative  \        I  outward  flow  \ 

which  is   <  nothing  ?-for<  parallel  flow  >  turbines. 

(  positive  j        (  inward  flow  j 

Putting  these  quantities  of  head  together,  we  find  for  the  head 
in  the  supply  chamber  ^ 

Aj  =  JL|(l+n«  +  n2tanM)t^  +  (l-n2)a2r2};...(4.) 
2g  \  ) 

for  the  energy  expended  at  the  wheel,  per  second, 

DQAii (5.)    , 

and  for  the  efficisnct  (neglecting  friction), 

DQAi"(l+n2  +  n2tan2/S)t;«  +  (l-n2)a2r2 ^^'^ 

The  above  are  general  expressions  for  all  turbines  with  guide 
blades.     For  paraUel  flow  turbines,  they  .become 

;^  =  -L(2  +  tan2/8)t^; (7.) 


''9 
Ma        4a»r-2a*r2 


DQ^""    (2  +  tan2/S)t;2 


.(8.) 


By  the  aid  of  equation  4,  v  can  be  expressed  in  terms  of  h^  and 
a  r,  so  as  to  transform  equations  6  and  8,  as  follows : — 
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«=  J2gA.-(l-n'')rf'g, (9.) 

VI +«*  +  «*  ten«/S 

ar 
Let    rs — »-  =  i«,  then, 
N/2jfAi 

M«       2(l+««)^Vl-^  +  n»^ 
which,  when  n  =  1,  becomes 

D^i  =  Tfrfal"^** ^"-^ 

The  efficiency  of  the  reaction  wheel  is  a  special  case,  which  will 
be  considered  in  Article  176. 

175.  Thci  OrmtoM  BttctoBcy  wlth«Bt  Frictimi  is  attained,  as  has 
been  stated  in  Article  173,  when 

V  =  ar (1.) 

SabstitiitLQg  this  value  of  »  in  equation  4  of  the  last  Article,  we 
find 

A,=  (2  +  n«tan2^)-^; (2.) 

and,  consequently,  the  surface  velocity  of  the  wheel,  where  it  re- 
ceives the  water,  should  be 

«- V  (i^lfe-.) • w 

So  that  in  equations  10  and  11, 

1 

*""  /2+7i2tan2/8' 

The  efficiency  corresponding  to  this  speed  is 

DQAi"2  +  n2tan2/3""^^' ^*-^ 

showing  that  the  only  energy  lost  is  that  due  to  the  final  velocity 
of  flow,  n  V  tan  fi  =  nar  tan  /8. 

The  following  table  shows  some  values  of  the  best  speed  as  com- 
pared with  the  speed  due  to  the  whole  available  head,  and  of  the 
greatest  efficiency,  neglecting  friction,  for  a  few  values  of  the 
obliquity  /3  of  the  vanes,  and  on  different  suppositions  as  to  the 
value  of  n : — 
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=  2«*. 


for 

for 

for 
1 

ntuafi. 

«. 

Ma 

n=  J2. 

n=l. 

DQAi 

I4l 

r 

20' 

36° 

■364 

•685 

•93 

18° 

25° 

43° 

•466 

•672 

•90 

23° 

30° 

49° 

•577 

•655 

•86 

36° 

1 

35° 

S4°J 

•700 

•634 

•80 

The  proportion  n=  J  2i&  usual  in  outward  flow  turbines,  such 

as  Foumeyron's  j  n  =  -  is  usual  in  inward  flow  turbines,  such  as 

Thomson's  vortex  wheel 

The  case  of  w  =  1,  /S  =  30®,  is  very  nearly  that  of  Fontaine's 
parallel  flow  turbines.  Theoiy  gives,  as  the  above  table  shows,  for 
the  best  velocity  of  the  wheel,  at  the  middle  of  the  idng  of  vanes, 


ar='655J2ghi, (5.) 

The  experiments  of  General  Morin  give 

ar='6i5jJgh[; 

and  the  agreement  is  as  close  as  can  be  expected. 

176.  The  BMMttoB  Wheel  is  equivalent  to  an  outward  flow  tur- 
bine in  which  /3  =  0,  r  =  0,  «  =  0;  while  fornr  is  to  be  substituted 
r',  the  radius  from  the  axis  to  the  centres  of  the  orifices ;  for  n  t;  is 
to  be  put  to,  its  original  symbol ;  for  n  «  is  to  be  substituted 


Then  for  the  velocity  of  outflow  of  the  water  from  the  orifices, 

we  have  

«^=^/'27^^+^^=  JI+^   JJ^h', (1.) 

and  for  the  efficiency,  neglecting  Mction, 

Ma  2si 


DQ^     «^  +  Vl+^' 


(2.) 


This  expression  increases  towards  the  limit  1,  or  perfect  efficiency, 
as  si  increases  without  limit ;  so  that  if  there  were  no  friction,  tiie 
efficiency  of  a  reaction  wheel  would  have  no  maximum,  but  would 
increase  towards  unity  as  the  velocity  increased  without  limit 

177.  BSdMier  of  TwrkliMa,  Altowing  Ar  Fricttoa. — I.  PwraUd 
Fhw  Tvarbines. — The  feet  stated  in  Article  175,  that  the  best 
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actual  speed  of  these  turbines  is  the  same  with  that  calculated  in 
the  supposition  that  there  is  no  friction,  shows  that  the  loss  of 
eneigy  hj  friction  may  be  allowed  for  by  multiplying  by  a  constant 
&ctor,  less  than  unity. 

From  the  experiments  of  General  Morin  and  others,  it  appears 
that  the  value  of  that  l^ucboT  is  nearly  the  same  as  for  the  best  over- 
shot and  undershot  wheels ;  that  is  to  say,  (1  —  ^') = from  '75  to  '8, 
with  an  average  value  of  about  *78. 

If  we  multiply  the  effid^des  in  the  table  of  Artide  170,  corre- 
sponding to  n  =  1,  /S  =  25%  and  30^  we  find  the  following  results^ 
which  agree  well  with  experiment : — 

resultant 


fi 

as? 

•75 

•78 

•8 

as" 

•90 

•«75 

•702 

•7  a 

30' 

•86 

•645 

•671 

•688 

II.  Imoard  Flow  Turbinea. — In  these  turbines,  the  oo-effident 
(1  -  k!")  appears  to  be  about  the  same  as  for  parallel  flow  turbines ; 

which,  for  fi  =  36°,  n  =  -,  gives,  as  the  average  resultant  effidency, 

about  *73 — a  conclusion  confirmed  by  practical  experience. 

III.  Otiihvard  Flow  Twrbines,  which  generally  work  drowned, 
lose  in  overcoming  fluid  friction  -a  quantity  of  work  per  second, 
which  has  been  fi£own  by  Foncelet,  and  by  Qeneral  Morin,  to  be 
proportional  to  the  volume  of  flow,  and  to  the  height  due  to  the 
velodty  of  the  outer  circumference  of  the  wheeL  That  velodty 
being  denoted  hjnar  =  nzJ2gh^y  the  loss  of  work  per  second 
by  friction  is 

/DQ^^=/DQ«««?AiJ (1.) 

being  the  fraction /"w*  7^  of  the  energy  expended. 

y*  is  a  co-effident  of  friction,  whose  value,  as  deduced  from  experi- 
ments by  General  Morin,  is  nearly 

/=  0-25. 

This  cause  of  loss  of  work  not  only  diminishes  the  effidency  of 
the  turbine,  but  diminishes  very  considerably  the  speed  of  greatest 


Subtracting  f'n?  «*  from  equation  10  of  Article  174,  we  find  for 
the  actual  eflicieni^  of  an  outward  flow  turbine,  at  any  given 
velocity  ar  =  z  J  2  g  h^oi\\A  inner  periphery,  the  value 
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The  following  are  the  results  of  investdgatrng  the  conditions 
which  make  this  quantity  a  mftYimnni : — 

Let  ct^r^z^  kT^VK  ^  ^^  ^^^^  speed 
For  brevity's  sake,  let 

-Vl^l^w}^ *^> 

and  the  greatest  efficiency  is  given  by  the  formula 


Then 


As  a  numerical  example  and  verification  of  these  formuke,  the 
case  may  be  taken  of  a  Foumeyron's  turbine,  for  which 

«2  =  2  nearly; 
/=0-25; 

»2  tan*  /*  =  a  nearly. 

Uang  tiiese  data,  we  find  IT  =  3*16,  and,  oonaequently, 


.(5.) 


£2fficien(^, 

results  which  exactly  agree  with  those  of  experiment 

iV.  Beadion  Wheel. — ^Kwe  assume  that  this  wheel  is  resisted  in 
the  same  manner  with  an  outward  flow  turbine,  and  denote,  as  in 
Article  176,  the  ratio  of  the  speed  of  the  orifice  to  that  due  to  the 
available  head  by  2/,  and  the  best  value  of  that  ratio  by  ^/^y  ^^  ^^' 
for  the  efficiency  in  general. 

Ma                2?^             ^^  ,,  . 

-A'^; (1) 


which  being  made  a  maximum,  gives 

.      .    /f2+/-N/(2+/)*-M 
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^^a,_i+f-Jii+ff-i (3) 

DQAi~  2  '■   ' 

From  ezpeiiments  by  Frofesaor  Weisbach,  it  appears,  that  the 
greatest  efiScieiuy  of  a  good  reaction  wheel  is 

A%=-«««' (*•) 

which  value  being  substituted  in  equation  3,  gives  for  the  co-efficient 
of  friction 

/='136; (5.) 

and  for  the  ratio  of  the  best  speed  of  the  orifices  to  that  due  to  the 
available  fall, 

»'i='97 (6.) 

This  result  is  confirmed  by  general  experience  of  the  working  of 
these  wheels,  from  which  it  appears  that  the  best  velocity  for  the 
orifices  is  veiy  nearly  equal  to  that  due  to  the  available  fisJl,  and 
the  greatest  ^cienc^  about  |. 

178.  Tolwne  aT  Flow  aad  SIm  •£  OrUces.  —  In  Article  174, 
equation  9,  an  expression  is  given  for  the  whirling  or  tartgerUial 
component  of  the  velocity  of  flow  through  the  openings  between  the 
guide  blades ;  from  which  are  deduced  the  following  expressions  for 
the  total  velocities,  through  the  openings  between  tiie  guide  blades, 
and  through  the  openings  between  the  vanes  of  the  wheel  respec- 
tively;  in  which,  Q  being  as  before  the  volume  of  flow  per  second, 
the  joint  area  of  the  contracted  stream  in  the  former  set  of  openings 
is  denoted  by  Op  and  that  in  the  latter  set  by  Og  : — 

^  =  «sec»r=sec«-J2flrA,  •^—    ^  __^     i»-(l.) 

0;  =  "^"^^  =  "^^'^^^^"^r+-^^    (2.) 
For  reaction  tohede, 

^  =  w=.j2ih,'jT+?i (2  a.) 

The  formuliB 

0.=  ~-^;0g=      ^      =— ^, (3.) 

*      vsec«       *      nvsecfi     waecp  ^' 

serve  to  determine  the  eflective  areas  of  inlet  and  outlet  required 
to  employ  to  the  best  advantage  a  given  flow  of  water  in  a  given 
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wheel,  with  a  giTen  available  &I1  and  speed,  the  speed  being  that 
of  greatest  efficiency^  computed  as  in  Articles  175  and  177. 

The  co-^ficient  of  contfraction  for  the  inlets  and  outlets  of  turbines 
ranges  from  '85  to  '95,  and  is  about  *9  on  an  average ;  so  that  the 
actual  openings  are  to  be  made  <nhMfmdh  Uvrger  than  those  gwen  by 
the  eqtuxtiojM. 

179.  BSdeBer  mm  aflteled  hf  Bcgalstar. — The  flow  of  water 
through  a  turbine  is  controlled  by  a  regulating  valve,  of  which 
different  kinds  will  afterwards  be  described. 

In  parallel  flow  and  outward  flow  turbines,  the  regulator  usually 
consists  of  a  set  of  slide  valves  applied  to  the  orifices  of  supply 
between  the  guide  blades. 

In  the  h&st  form  of  reaction  wheel,  known  as  Whitelaw  and 
Stirrat's,  the  regulator  consists  of  slide  valves  applied  to  the  orifices 
at  the  ends  of  the  arms. 

In  Thomson's  inward  flow  turbine,  the  regulator  consists  of  the 
guide  blades  themselves,  which  turn  about  axes  near  their  inner 
ends,  so  as  to  be  set  at  any  required  angle  »  to  the  circumference 
of  the  wheel. 

The  preceding  investigations  and  statements  of  efficiency  have 
reference  to  the  case  in  which  the  passages  of  supply  are  uninter- 
rupted, or  nearly  so.  Their  pcurtial  closing  by  slide  valves  causes 
loss  of  energy  through  sudden  contractions  and  expansions  of  the 
stream. 

The  following  are  average  values  of  the  reductions  of  efficiency 
produced  by  partial  closing  of  the  supply  passages  by  slide  valves  : — 

Eatio  of  the  actual  opening  )  2    ^    1 
to  the  full  opening, J  5    5    2 

Ratio  of  the  diminished  effi- 1 
ciency  to  the  maximum  ^ 
efficiency, 

Such  diminutions  of  efficiency  do  not  occur  where  the  flow  is 
regulated  by  vaiying  the  oriflces  of  discharge,  or  by  varying  the 
inclination  of  the  guide  blades. 


\j2    3    6* 


Section  2. — Description  of  Varuma  Twrbmes, 

180.  F«Btaiii«^  TavMM«,  a  parallel  flow  turbine,  the  invention  of 
M.  Fontaine-Baron,  ib  illustrated  by  fig.  73,  which  is  a  vertical 
diametral  section,  and  by  fig.  74,  which  is  a  vertical  section  by  a 
cylindrical  surface  traversing  the  guide  blades  and  vanes,  like  that 
given  in  an  elementary  form  in  fig.  68. 

A  is  the  tank  or  reservoir,  in  the  bottom  of  which  is  the  ring- 
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shaped  cast  iron  pajssage  B,  oontainmg  the  guide  blades  e,  and  regu- 
lating sluice  valves  d     There  are  as  many  sluices  as  guide  blades, 


Fig.  78. 

each  guide  blade  having  a  sluice  sliding  vertically  behind  it  The 
backs  of  the  sluices  are  rounded,  so  as  to  make  the  contraction  and 
deflection  of  the  stream  gradual  Each  sluice  is  hung  by  a  rod  b 
from  the  iron  ring  a,  which  is  raised  and  lowered  by  means  of 
three  rods  marked  c,  so  as  to  raise,  lower,  or  close,  the  whole  of  the 
sluices  at  once. 

C  is  the  drum  or  annular  passage  of  the  wheel,  containing  the 
vanes  /  E  is  a  disc,  by  which  the  drum  is  carried.  The  disc, 
drum,  and  vanes,  may  all  be  cast  in  one  piece. 

E  F  is  the  hollow  vertical  shaft  of  the  wheel,  at  the  top  of  which 
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is  the  pivot,  supported  upon  the  top  of  the  fixed  vertical  spindle  G, 
which  rises  from  the  bottom  of  tiie  tail  raoe  within  the  hollow 
shaft     The  object  of  this  is  to  facilitate  the  oiling  of  the  pivot 

The  dimensions  and  proportions  of  turbines  of  this  cla^  may  be 
varied  to  suit  different  cinnunstanoes ;  nevertheless  the  following 
are  given  as  being  usual  in  practice,  on  the  authority  of  General 
Morin : — 

«,  obliquity  of  the  guide  blades, 22°  to  25°. 

/S,  obliquity  of  the  vanes, 20°  to  30°. 

Breadth  of  ring-shaped  passages — 

=  fix)m  A  to  A  of  mean  diameter  of  wheel 

Least  depths  of  openings  between  guide  blades,  and  between 
vands,  from  2}  inches  to  6  inchea 

Depth  of  drum  of  wheel  =  depth  of  openings  x  2. 

As  to  the  work,  efficiency,  best  speed, 
and  volume  of  flow,  see  Articles  172, 
173,  174,  175,  177,  Division  L,  178. 

The  speed  may  deviate  from  the  best 
speed  to  the  extent  of  one  quarter, 
without  materially  diminishing  the  effi- 
ciency. As  to  the  effect  of  the  sluices, 
see  Article  179. 

To  avoid  the  diminution  of  efficiency 
by  the  lowering  of  the  sluices,  cUmble 
tu/rbinea  have  been  used,  consisting  of  a 
pair  of  concentric  wheels  made  in  one 
piece,  supplied  with  water  by  a  similar 
pair  of  concentric  annular  supply  pas- 
sages. Each  of  those  passages  has  its 
own  set  of  sluices,  hung  from  an  indepen- 
dent ring;  so  that  either  division  of  the 
double  wheel  can  have  its  supply  of  water 
cut  off  at  pleasure.  Thiis  the  power  of 
the  turbine  can  be  varied  in  a  proportion 
exceeding  that  of  two  to  one,  without 
the  necessity  for  employing  very  contracted  orifices,  and  conse- 
quently wasting  energy. 

181.  j«stb1%  mr  K«ecMitf>fe  Tarktee.  the  invention  of  M.  Jonval, 
and  ma4/^\>y  Messrs.  Koechlin  <fe  Co.,  resembles  Fontaine's  turbine, 
wheel  working  in  a  vertical  micUon  pipe  (Article  105) 
ich  the  pressure  is  below  that  of  the  atmosphere.     This 
the  wheel  to  be  placed  at  any  convenient  elevation  not 

leeding  the  head  equivalent  to  one  atmosphere,  above  the  level 


Rg.  74. 
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of  the  surface  of  the  tail  race,  without  incurring  (as  would  be  the 
case  in  the  absence  of  the  suction  pipe)  a  loss  of  head  equal  to  the 
drop  from  the  bottom  of  the  wheel  to  the  water  leyel  of  the  tail  race. 

182.  Vwnm9jwm*m  TwribfaM,  one  of  the  earliest  and  best  known 
of  turbines  with  guide  blades,  is  an  ovMjocvrd  flow  turbine.  The 
average  ratio  of  the  outer  to  the  inner  radius  of  the  wheel  is 
n=z  J  2,  and  the  depth  of  the  wheel  is  about  equal  to,  or  a  little 
greater  than  the  breadth  of  the  crowns. 

An  example  is  represented  in  figs.  75,  76,  of  which  fig.  75  is  a 
vertical  section,  and  fig.  76  a  sectionsd  plan  of  the  wheel  and  supply 
cylinder,  showing  the  form  and  arrangement  of  the  guide  blades 
and  vanes. 


Fig.  76. 

A  is  the  tank  or  penstock ;  B,  the  supply  cylinder.  This  is  the 
arrangement  for  moderate  falls;  for  very  high  falls,  the  water  may 
be  brought  down  from  a  reservoir  to  the  supply  cylinder  by  a  pipe^ 
whose  resistance  must  be  allowed  for  in  determining  the  available 
fall. 
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The  cylinder  B  consists  of  two  concentric  tubes :  the  upper  is  fixed : 
the  lower  slides  within  it  like  the  inner  tube  of  a  telescope,  and  ia 
raised  and  lowered  by  means  of  the 
rods  b.  Near  the  upper  edge  of  the 
inner  tube  is  a  leather  collar,  to  make 
the  joint  between  it  and  the  outer 
tube  water-tight.  The  lower  part  a 
of  the  inner  tube  acts  as  a  regulating 
sluice  for  all  the  orifices  at  once.  It 
has  fixed  to  its  internal  sur&ce 
wooden  blocks,  so  shaped  as  to  round 
off  the  turns  in  the  course  of  the 
water  towards  the  orifices. 

The  bottom  of  the  supply  cylinder 
is  formed  by  a  fixed  disc  C,  which  is 
supported  by  hanging  at  the  lower  ^S-  ^^* 

end  of  a  fixed  vertical  tube  enclosing  the  shafL     This  disc  carries 
the  guide  blades. 

D  are  the  vanes  of  the  wheeL  In  the  example  shown,  the 
passages  between  the  vanes  are  divided  into  three  sets,  or  horizontal 
layers,  by  two  intermediate  crowns  or  horizontal  ring-shaped  parti- 
tions. The  object  of  this  is  to  secure  that  the  passages  shidl  be 
JUled  by  the  stream  at  three  different  elevations  of  the  sluice,  and 
so  to  diminish  the  loss  of  efficiency  which  occurs  when  the  opening 
of  the  sluice  is  small. 

E  is  the  disc  of  the  wheel ;  F,  its  shaft ;  G,  the  tail  race. 

The  pivot  at  the  lower  end  of  the  shaft  is  supplied  with  oil 
through  a  small  tube  seen  in  the  figure,  which  is  laid  down  one 
side  and  along  the  bottom  of  the  tail  race,  and  rises  directly  below 
the  pivot. 

K  H  is  a  lever  which  supports  the  step  of  the  pivot,  and  is  itself 
supported  by  fixed  bearings  at  K,  and  by  a  rod,  L,  which  can  be 
raised  or  lowered  by  a  screw,  so  as  to  adjust  the  wheel  to  the 
proper  level 

183.  TmHmmm  Oatward  FUi>w  TorbtaMih — An  improvement  in  the 
regulating  apparatus  of  Foumeyron*s  turbine,  introduced  by  Mr. 
Bedtenbacher,  is  to  vary  the  supply  openings  when  required,  by 
raising  or  lowering  the  disc  C  which  carries  the  guide  blades,  by 
means  of  a  screw  at  the  top  of  the  tube  to  which  it  is  fixed.  This 
dispenses  with  the  necessity  for  an  internal  sliding  cylinder  within 
the  fixed  supply  cylinder. 

Another  modification  of  the  regulating  apparatus  of  Foumeyron*s 
turbine,  by  M.  Gallon,  is  to  make  the  sliding  vertical  tubular 
sluice  in  several  segments,  which  can  be  opened  or  shut  separately. 

To  prevent  the  drowning  of  Foumeyron's  turbine,  M.  Girard 


WATEB  POWER  AND  WIND  POWER. 

added  to  it  a  bell,  or  fixed  vertical  cylinder  with  the  mouth  down- 
wards, which  dips  into  the  tail  race,  and  within  which  the  wheel 
works.  A  sufficient  quantity  of  air  is  enclosed  in  the  bell  to  keep 
the  sui&oe  of  the  water  within  it  below  the  level  of  the  wheel ; 
and  the  gradual  loss  of  this  air  by  leakage  and  diffusion  in  the 
water  is  supplied  by  means  of  a  small  forcing  pump.  It  is  of 
bourse  the  level  of  the  water  in  the  tail  race  o^Ade  the  bell,  that 
is  to  be  taken  into  account  in  estimating  the  available  head. 

It  is  probable  that  the  efiect  of  this  may  be  to  make  the  best 
inside-stMrfaoe  speed  o^  r,  and  the  maximum  efficiency,  the  same  as  for 
parallel  flow  turbines,  viz. : — 

a,r  =  ^^/27A^=  ^^2^•  -7=^==-; (1.) 

^0^-2^(1-*  )  =  2  +  7i«tan«/3^ V^') 

1  —  ^"  being  firom  '75  to  '8,  and  on  an  average  about  "78. 

184.  BcMtioK  Wheela. — ^This  class  of  wheels,  of  which  the  theory 
has  been  given  in  Articles  176,  177,  Division  III.,  and  178, 
comprehends  all  twrbmea  tmthmU  gwde  blctdes,  of  which  a  great 
variety  have  been  contrived  and  used.  The  earliest  form,  well 
known  as  "  Barker's  Mill,"  dbcharged  the  watef  fi*om  orifices  in 
the  ends  of  straight  tubular  arms  projecting  from  a  hollow  shaft. 
The  friction  of  the  water  in  the  arms  caused  considerable  loss  of 
energy.  Tubidar  arms,  curved  in  various  ways,  were  afterwards 
employed ;  but  it  is  obvious  that  in  any  curved  ann  the  friction 
must  be  greater  than  in  a  straight  arm  of  the  same  diameter.  The 
best  form  is  one  more  or  less  resembling  fig.  71 ;  that  is,  a  hollow 
disc,  with  projections  leading  the  water  to  nozzles  of  a  form 
approximatiug  to  that  of  the  contracted  vein.  In  the  figure  there 
are  two  nozsdes ;  but  three  are  better  calculated  to  insure  steady 
motion,  provided  they  are  exactly  similar  and  equal 

The  best  mode  of  regulating  the  flow  is  that  introduced  by 
Messrs.  Whitelaw  and  Stirrat,  of  having  the  regulating  valves  at 
the  orifices  of  discharge  This  insures  nearly  equal  efficiency  at  all 
openings  of  the  orifices. 

The  best  mode  of  Tna.ViTig  the  water-tight  joint  between  the 
supply  pipe  and  disc  is  that  sketched  in  fig.  77.  A  is  the  supply 
pipe  j  B,  the  wheel,  or  hollow  disc ;  C,  the  vertical  shaft  j  D,  the 
neck  of  the  wheel  through  which  it  receives  the  water.  Near  the 
end  of  the  neck  is  an  annular  recess  containing  a  cupped  leather 
collar,  within  which  fits  a  tube  K  The  outer  edge  of  this  tube, 
scraped  to  a  true  plane,  is  pressed  by  the  pressure  of  the  water  over 
the  equal  area  of  the  inner  edge,  against  the  truly  plane  surface  of 
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the  flange  F  of  the  supply  pipe,  upon  which  flange  it  turns  round, 
making  a  good  joint  with  very  litde  friction. 

Another  form  of  this  arrangement 
consists  in  having  the  annular  recess 
and  collar  withm  which  the  tube  E 
fits,  at  the  end  of  the  supply  pipe,  and 
the  flange  against  which  the  outer 
edge  of  the  tube  presses,  at  the  end  of 
the  neck  of  the  wheeL 

To  diminish  as  much  as  possible  the 
friction  and  wear  of  pivots  or  other 
bearings,  the  vertical  shaft  should  be 
loaded  with  a  weight  sufficient  to 
balance  the  pressure  of  the  water  on 
the  area  of  the  openings  of  the  neck 
of  the  wheel,  or  of  the  supply  pipe, 
whichever  is  the  greater. 

Another  mode  of  balancing  the 
pressure  is  that  devised  by  Mr. 
Eedtenbacher,  who  has  in  some  cases  employed  a  vertical  outward 
flow  double  turbine,  consisting  of  a  pair  of  reaction  wheels  at  the 
two  ends  of  one  horizontal  ahafty  supplied  from  the  same  interme- 
diate horizontal  supply  cylinder,  to  which  the  water  is  introduced 
by  a  pipe  at  one  side.  This  construction  is  suitable  to  high  falls, 
and  possesses  a  further  advantage  in  the  fact  that  the  shaft  rests  on 
horizontal  journals  and  bearings,  which  ai*e  more  easily  kept  in  order 
than  pivots. 

185.  TIiobumk's  TwMae,  cr  Totcoc  WlweL — This  wheel,  the 
invention  of  Professor  James  Thomson  of  Queen's  College,  Belfast, 
is  the  only  example  yet  in  use  of  the  mwourd  flow  hurbim,  whose 
general  theory  has  been  explained  in  Section  1  of  the  present 
Chapter. 

The  following  description  is  for  the  most  part  extracted  firom  a 
paper  by  the  inventor  in  the  Beport  of  the  Meeting  of  the  British 
Association  in  1852. 

There  is  a  diflerence  in  the  construction  of  this  turbine  for  high 
and  for  low  Mis,  analogous  to  that  which  is  foxmd  in  Foumeyron's 
turbine ;  that  is  to  say,  for  low  Mis  the  supply  chamber  may  be  an 
open  tank ;  while  for  high  Mis  it  must  generally  be  a  closed  vessel, 
supplied  by  a  pipe  from  an  elevated  reservoir.  Fig.  78  is  a  vertical 
section,  and  fig.  79  a  horizontal  section  and  plan  of  a  high  pressure 
vortex  wheel,  for  a  fidl  of  about  thirty-seven  feet.  The  dimensions 
of  these  figures  are  tv  of  the  real  dimensions;  a  diagram  of  part  of 
the  wheel  on  a  somewhat  larger  scale  is  added,  to  show  the  K>rm  of 
the  vanes. 
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A  A  is  the  wheel,  B  its  shaft.     The  wheel  occupies  the  whed 
cticumhery  which  is  the  central  part  of  the  upper  division  of  a  strong 


Fig.  7a 

cast  iron  case  C  C.  The  lower  division  D  D  of  that  case  is  called 
the  8v/pply  chamfhber;  it  receives  the  water  from  the  supply  pipe  E, 
and  delivers  it  through  four  lai^e  openings  marked  F,  into  the 
guide  blade  chamber,  which  is  the  outer  part  of  the  upper  division 
of  the  case.  There  are  four  guide  blades  marked  G ;  the  figure  of 
each  of  them,  near  the  wheel,  is  nearly  that  of  a  quadrant  of  the 
same  radius  with  the  wheel ;  beyond  the  quadrantal  portion  they 
are  sometimes  straight,  and  sometimes  curved  the  reverse  way. 
The  four  openings  marked  H,  between  the  guide  blddes,  regulate, 
by  their  area  (0^,  Article  178),  the  volume  of  water  supplied  per 
second,  and  consequently  the  power  of  the  wheel.  To  vary  these 
openings,  the  guide  blades  ai'e  moveable  about  gudgeons  near  their 
points,  seen  as  small  circles  in  fig.  79  :  these  gudgeons  are  sunk  in 
the  roof  and  floor  of  the  chamber,  and  do  not  impede  the  flow  of 


YOBTEX  WHEEL. 


209 


the  water.     The  guide  blades  are  connected  by  a  set  of  levers  and 
links  with  a  spindle  K,  hj  turning  which,  they  can  all  four  be 


Fig.  79. 

shifted  at  once,  so  as  to  make  any  required  angle  («)  with  the  cir- 
cumference of  the  wheel.  (The  advantages  of  this  mode  of  regula- 
tion have  already  been  stated  in  Article  179.)  , 

The  water,  £^r  passing  through  the  passages  between  the 
vanes  of  the  wheel,  is  delivered  into  the  central  opening  of  the 
wheel,  as  nearly  as  possible  without  any  whirling  motion  left;  it 
then  escapes  at  once  upwards  and  downwards  through  the  two 
outlets  of  that  opening.  L  L  are  two  pieces  called  joint  rings, 
fitted  to  those  central  outlets,  and  adjusted  by  means  of  studs  and 
nuts,  so  as  to  come  as  close  to  the  wheel  as  is  possible  without 
rubbing  against  it,  in  order  to  prevent  leaking  of  water  between 
the  wheel  and  its  casa 

The  lower  end  of  the  shaft  passes  through  an  oil-tight  stuffing 
box  into  the  pivot  box  M,  and  terminates  in  an  inverted  cup,  con- 
taining a  concave  brass  disc,  which  rests  on  the  convex  top  of  a 
fixed  steel  pin.  The  pin  is  fixed  in  a  bridge  N,  and  is  capable  of 
being  set  to  the  proper  level  by  means  of  a  cross  bridge  O,  with 
adjusting  screws.  ThQ  cup  of  the  pivot  is  supplied  with  oil  through 
a  small  pipe  sunk  in  a  groove  in  the  shaft  B. 

p 
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Mr.  Thomson  states  in  a  note,  that  he  has  fotmd  that  the  pivots 
last  well  without  oil,  ty  simply  admitting  the  free  access  of  the 
water.  Of  late,  lignum-yit«e,  set  endwise,  and  kept  constantly  wet, 
has  been  found  a  good  material  for  the  bearings  of  such  pivots. 

Four  vertical  tie  bolts,  marked  P,  tie  the  top  and  bottom  of  the 
case  together,  to  enable  it  to  resist  the  pressure  of  the  wat©-. 

The  value  of  the  ratio  n  of  the  internal  to  the  external  radius,  in 
those  turbines,  is  usually  ^  ;  that  of  the  obliquity  of  the  inner  ends 
of  the  vanes  fi,  ranges  from  30*  to  45*.  Applying  the  formulas  of 
Articles  175  and  177  to  these  data,  and  assuming  the  loss  of 
energy  by  friction  to  be  one-fifth,  so  that  1  — F'=  -8,  we  find  the 
following  results : — 


30*  -693  -96  77 

36°  -685  -93  -75 

45°  -667  '89  -71 


Efficiency.. .(1.) 


These  results  are  in  accordance  with  the  fact,  that  the  average 
efficiency  of  vortex  wheels  has  been  found  in  practice  to  be  about 
•75. 

The  velocity  of  the  water  in  the  openings  between  the  guide 
blades  is 

Vj  sec  ti=zz^9iQQ»  J 2gh^] .....(2.) 

the  effective  area  of  those  passages  (taking  c  =  '9  for  the  co-efficient 
of  contraction)  is  very  nearly 

Oi=:-9  x2flrr6sin«; (3.) 

where  6  is  the  clear  depth  of  the  guide  blade  chamber  j  hence  the 
volume  of  flow  is 

Q  =  0iViSec«=-9  X  2Tr6-tan« ; (4.) 

and  the  angle  »  of  obliquity  of  the  guide  blades  required  to  deliver 
a  given  flow  per  second,  may  be  computed  by  the  formula 

10 Q  ,^. 

but  care  should  be  taken  to  make  r  and  h  such,  that  tan  «  during 
the  ordinary  working  of  the  wheel  shall  deviate  as  little  as  possible 
from  n  tan  /8 ;  that  is,  with  the  usual  proportions,  ^  tan  /8l  The 
reasons  for  tlus^are  given  in  Article  173. 

The  crowns  of  the  wheel  shown  in  the  figure  approximate  to  the 
form  recommended  in  Ai-ticle  172. 
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CHAPTER  VII. 


OF  FLUm-OK-FLUID  IMPULSE  ENGINES. 


186.  iBiMdNictMT  BxpiunatoHa. — In  the  engines  to  which  the 
present  Chapter  relates,  motion  against  resistance  is  produced  in  one 
portion  of  fluid  by  the  direct  impulse  of  another  portion  of  fluid,  the 
driven  portion  of  the  fluid  doing  the  duty  of  a  float  board,  or  vane. 

Such  machines  may  be  divid^  into  two  classes — 
L  Those  in  which  the  energy  of  a  mass  of  liquid  descending 
from  a  small  height  is  made  to  raise  a  small  portion  of  that  mass  to 
a  greater  height :  this  class  consists  of  the  "  Hydra/ulic  Earn.'* 

IL  Those  in  which  a  stream  of  fluid  moving  at  first  with  a  certain 
velocity,  drives  and  carries  along  with  it  an  additional  stream,  the 
two  streams  finally  mingling  and  moving  together  with  a  velocity 
less  than  that  of  the  driving  stream.  This  class  comprehends  the 
jet  pump,  the  water  blower,  and  the  blast  pipe. 

187.  Hydnwiic  lUun. — Iliis  machine,  a  well  known  invention  of 
Montgolfier's,  is  used  where  a  considerable  flow  of  water  with  a 
moderate  fall  is  available,  to  raise  a  small  portion  of  that  flow  to  a 
height  exceeding  that  of  the  &11. 

To  supply  it  with  water,  a 
weir  is  to  be  erected  aci*oes  a 
stream,  so  as  to  form  a  pond,  as 
if  for  a  water  wheel  I^m  the 
lower  part  of  that  pond  comes 
the  supply  pipe  A,  fig.  80.  In 
the  course  of  that  pipe  is  the 
waste  valve  chamber  B,  contain- 
ing a  conical  clack  which  opens 
downwards,  and  which  is  large 
enough  to  let  the  flow  of  the 
supply  pipe  pass  without  con- 
traction. D  is  the  tail  race,  for 
carrying  away  the  water  which  escapes  firom  the  waste  valve. 

At  the  end  of  the  supply  pipe  is  a  small  air  vessel  C,  for  diminish- 
ing the  violence  of  shocks. 

E  are  clacks  opening  firom  the  supply  pipe  into  the  larger  and 
outer  air  vessel  F,  firom  the  bottom  of  which  the  discharge  pipe  is 
seen  to  rise,  for  the  purpose  of  conveying  a  certain  portion  of  the 
water  to  the  required  elevation. 
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A  small  relief  clack  opens  firom  a  passage  commmiicatmg  with 
the  external  air,  into  the  inner  air  vessel  When  tlie  quantity  of 
air  in  that  vessel  becomes  deficient,  periods  occur  in  the  course  of 
the  action  of  the  machine,  when  the  pressure  within  the  vessel  fidls 
below  that  of  the  atmosphere ;  and  then  the  relief  clack  admits  a 
small  quantity  of  air,  to  supply  the  loss  caused  by  its  difi^sion  in 
the  water. 

The  following  is  the  mode  of  operation  of  the  hydraulic  ram  : — 

Suppose  the  waste  clack  to  have  been  shut,  by  pressare  from 
within,  and  to  &U  suddenly  open,  owing  to  the  diminution  of  that 
pressura  The  water  begins  to  flow  from  the  reservoir  through  the 
supply  pipe  and  out  at  the  waste  clack,  with  a  gradually  increasing 
velocity.  At  length  that  velocity  reaches  a  maximum,  being  the 
velocity  of  steady  flow  which  the  head  in  the  pond  is  capable  of 
maintaining  through  the  supply  pipe  and  its  outlet  The  weight 
and  load  of  the  waste  clack  are  so  adjusted,  that  the  impulse  of  the 
current  upon  it  with  this  velocity  raises  it,  and  causes  it  suddenly 
to  shut. 

Thus  the  current  through  the  supply  pipe  is  abruptly  checked 
The  water  between  the  reservoir  and  the  waste  dack  stUl  tenets  to 
advance,  by  its  momentum,  and  compresses  the  water  between  the 
waste  clack  chamber  and  the  air  vessels,  and  the  air  in  the  smaller 
air  vessel.  In  an  inappreciably  short  time  the  pressure  becomes  a 
little  more  intense  than  that  in  the  outer  air  vessel;  that  is,  than 
the  pressure  due  to  the  length  to  which  a  portion  of  the  watcor  is  to 
be  lifted  Then  the  clacks  E  open,  and  water  passes  into  the  air 
vessel  against  the  higher  pressure,  and  thence  up  the  discharge  pipe, 
until  the  energy  of  the  mass  of  water  in  the  supply  pipe  is  so  &r 
expended  that  its  pressure  can  no  longer  keep  the  clacks  E  open, 
nor  the  waste  clack  shut.  Then  the  ckcks  E  shut,  the  waate  dack 
opens,  and  the  operation  b^ns  anew. 

The  following  proportions  for  hydraulic  rams  have  been  found  to 
answer  in  practice  : — 

Let  h  be  the  height  above  the  pond  to  which  a  portion  of  the 
water  is  to  be  raised ; 

H,  the  height  of  top  water  in  the  pond  above  the  outlet  of  the 
waste  clack ; 

L,  the  length  of  the  supply  pipe,  from  the  pond  to  the  waste  dack ; 

D,  its  diameter ;  then 

H  =  A;  L  =  2-8H  =  014A;  D  =  |=4;...(l.) 

Let  Q  be  the  whole  supply  of  water  in  cubic  feet  per  second,  of 
which  g  is  lifted  to  the  height  h  above  the  pond,  and  Q  —  q  runs  to 
Avaste  at  the  depth  H  below  the  pond     Then  the  efficiency  of  the 
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ram  has  been  found  by  experience  to  have  the  following  avei*age 
value : — 

ls=i--^y w 

187  A«  Jet  Pniir<^--Tliis2nadiine  works  by  means  of  the  tendency 
of  a  stream  or  jet  of  fluid  to  drive  or  carry  contiguous  particles  of 
fluid  along  with  it.  The  general  nature  of  its  construction  is  repre- 
sented by  fig.  81.  A  is  the  jet  pipe,  by  which  a  sufficient  supply  of 
water  is  brought  from  an  elevated  source ;  £  is  the  suction  pipe,  by 
which  another  portion  of  water  is  drawn 
firom  a  low  level  C  is  the  contracted 
throat  of  the  passage,  at  or  a  little  behind 
which  is  the  nozde  of  the  jet ;  D  is  the 
trumpet-mouthed  spout  in  which  the  jet 
mingles  with  the  stream  from  below, 
carries  it  forward,  and  causes  a  diminu- 
tion  of  pressure  behind  the  nozade,  and  in 
the  suction  pipe,  sufficient  to  make  the 
water  rise.  ^' 

ContrivanoeB  depending  on  the  same  principle  with  this  machine 
have  long  been  known ;  but  the  water  jet  pump,  in  its  present 
fonn,  was  invented  by  Professor  James  Thomson,  and  first  described 
in  the  Report  of  the  British  Association  for  1852.  In  the  report 
of  that  body  for  1853,  Mr.  Thomson  published  the  results  of  some 
experimeni»  on  a  small  scale  as  to  the  efficiency  of  the  jet  pump. 
The  greatest  efficien<y  was  found  to  take  place  when  the  depth 
from  which  the  water  was  drawn  by  the  suction  pipe  was  about 
mns4dnih$  ci ^e  height  frt>m  which  the  water  fell  to  form  the  jet; 
the  flow  up  the  suction  pipe  being  in  that  case  about  one-Jt/ih  of 
that  of  the  jet,  and  the  effidenoy,  consequently, 

^xj  =  018. 

This  is  but  a  low  efficiency;  but  it  is  probable  that  it  may  be 
increased  by  improvements  in  the  proportions  of  the  machine. 

The  WATER  BLOWEB,  in  which  a  shower  of  water,  fidling  in  drops 
within  a  vertical  cylinder  with  holes  in  its  sides,  carries  a  current 
of  air  down  with  it,  which  is  expelled  through  a  nozzle  near  the 
bottom  of  the  cylinder,  is  a  machine  on  the  same  principle  with  the 
jet  pump.     Its  efficiency  is  said  to  be  about  0-15. 

The  BLAST  PIPE,  the  most  important  of  George  Stephenson's  im- 
provements in  the  locomotive  engine,  is  an  example  of  the  same 
kmd  of  action,  which  will  be  mentioned  again  in  its  proper  place  : 
80  also  is  Mr.  Gumey^s  steak  jet  veetilatob  for  mines. 
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CHAPTEK  VIII. 

OF  WIK1>MILL& 

188.  CtoMcnl  DcMripttoB. — ^The  energy  of  the  wind,  in  driving 
a  windmill,  is  exerted  upon  a  wheel,  or  fan,  consisting  of  four  or 
five  vanes  called  mils,  radiating  from  a  horizontal  or  slightly 
inclined  shaft  called  the  vrnid  shaft,  which  is  kept  always  turned 
endwise  towards  the  wind. 

The  inclination  of  the  wind  shaft  to  the  horizon  is  from  5°  to  15^; 
its  object  is  to  make  the  sails  revolve  dear  of  the  tower  or  other 
building  which  contains  the  milL 

There  are  two  methods  of  enabling  the  wheel  always  to  &oe  the 
wind.  In  a  '^  post  m%ll^  the  whole  machine,  with  its  framework 
and  casing,  turns  upon  a  pivot  on  the  top  of  a  vertical  post,  and  is 
shifted  when  the  wind  changes,  by  means  of  a  long  horizontal  lever. 
In  a  "  Uyuoer  mXi^  or  "  smMk  wiifi,"  there  is  a  fixed  tower  with  a 
rotating  cap;  the  cap  supports  the  wind  shaft,  and  is  turned  to  the 
quarter  from  which  the  wind  blows,  by  apparatus  which  is  some- 
times controlled  by  hand,  but  oftener  self-acting.  The  remaindei' 
of  the  mechanism  is  supported  by  a  stationary  frame. 

The  obliquity  of  a  windmill  sail,  or  the  angle  which  it  makes 
with  its  plaiie  of  revolution,  is  called  its  weather. 

Fig.  82  is  a  frx>nt  view  of  the  frame  or  skeleton  of  a  common' 
windmill  sail  C  is  the  end  of  the  wind  shaft,  from  1}  foot  to  2 
feet  square,  if  of  wood ;  frx>m  6  inches  to  9  inches  in  diameter,  if  of 
iron.  C  A  B  is  the  arm,  or  vMp,  of  one  of  the  sails,  usually  frx>m 
30  feet  to  40  feet  long,  8  inches  to  10  inches  square  at  the  inner 
end,  and  about  |  of  these  dimensions  at  the  outer  end.  From  A  D 
to  B  E  are  the  hlvra  of  the  sail — slender  wooden  rods,  from  15  to  18 
inches  apart  A  B  is  the  leading  or  foremost  edge  of  the  sail, 
which  in  the  present  example  lies  along  the  whip  itself:  in  some 
saik,  a  small  portion,  called  the  hading  aadl,  extends  before  the 
whip. 

Fig.  83  shows  the  frame  of  the  sail,  as  seen  edgeways ;  fig.  84  is 
a  diagram  of  the  sail,  as  seen  endways,  in  which  O  P  and  O  Q  show, 
the  positions  of  the  bars  at  the  top  and  at  the  inner  end  of  iiie  sail 
respectively:  these  two  figures  show  how  the  toeather  gradually 
diminishes  from  the  inner  end  of  the  sail  to  the  tip,  for  reasons 
which  will  appear  in  the  next  Article. 
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The  leading  sail,  when  there  is  one,  is  usually  covered  with  thin 
boards ;  the  main  body  of  the  sail,  either  with  canyas,  or  with  a 
number  of  narrow  boards  called 
valves,  capable  of  being  adjusted 
to  different  angles,  in  a  manner 
to  be  afterwards  described. 

189.  dmcml  PrtiMlplM.— The 
reduction  of  the  art  of  designing 
windmills  to  general  principles 
is  almost  wholly  due  to  an 
experimental  investigation  by 
Bmeaton,  communicated  to  the 
Boyal  Society  in  1759,  and  re- 
published in  Tredgold*s  Tracts 
on  Hydrofidics, 

The  general  principles  esta- 
blished by  Smeaton  are  to  a 
certain  extent  capable  of  being 
expressed  by  a  proper  adapta- 
tion of  the  foimulce  of  Article 
144,  Case  Y.,  equations  49  to 
15--a  term  being  subtracted  to 
represent  loss  of  energy  by  fric- 
tion between  the  air  and  the 
sail,  as  follows  : — 

Let  D  denote  the  weight  of  a 
cubic  foot  of  air ; 

Q,  the  volume  of  air  which 
acts  on  the  sail,  or  part  of  a 
sail,  under  consideration,  in 
cuUc  feet  per  second ; 

Vy  the  velocity  of  the  wind,  in 
feet  per  second. 

If  8  be  taken  to  represent  the 
sectional  area  of  the  cylinder, 
or  annular  cylinder  of  wind 
through  which  the  sail,  or  part 
of  a  sail,  in  question  sweeps  in 
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the  course  of  its  revolution,  we  may  put 

Q  =  cv«; (1.) 

where  c  is  a  co-efficient  to  be  found  empirically. 

As  it  is  difficult,  if  not  impossible,  in  the  present  state  of  our 
knowledge,  to  distinguish  between  that  &ctor  in  the  power  of  a 
windmill  which  depends  on  the  quantity  of  wind  that  acts  upon  it, 
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and  that  factor  which  expresses  the  diminution  of  efficiency  by  the 
friction  ofikb  skafiy  it  is  best  to  make  the  eo-effident  c,  in  the  above 
equation,  comprehend  the  allowance  for  that  friction :  and  this 
being  understood,  it  appears  from  experimental  data  by  Smeaton, 
to  be  afterwards  referred  to,  that  for  a  windmill  with  four  sails 
proportioned  in  the  best  manner,  if  8  be  taken  for  the  sectional  area 
of  the  v^kxle  cylinder  ofwmd  in  which  the  wheel  rotates, 

c  =  0-75  nearly (2.) 

The  friction  of  the  air  will  be  separatoly  allowed  for. 

Let  Z  denote  the  toeather  of  the  sail ;  then  because  the  direction 
of  motion  of  each  point  in  the  sail  is  perpendicular  to  that  of  the 
wind,  we  must  make,  in  the  formuUe  of  Aitide  144^ 

J  =  90°  —  f,  and  COS  3  =  ain  f 

Consider  a  narrow  band  of  a  sail  at  a  given  distance  from  the 
axis,  and  let  «i  be  its  velocity. 

The  wkoiU  velocity  of  the  wind  relatively  to  this  band  is  JW+U; 
and  as  it  is  probable  that  the  energy  lost  through  the  mction  of 
the  air  is  proportional  to  the  square  of  that  velocity,  we  may  put 
for  that  lost  energy,  per  pamui  of  the  acting  ttream  of%Kmd^ 

f'^T <^) 

/  being  a  co-effident  of  friction,  to  be  found  empirically. 

From  data  by  Smeaton,  to  be  afterwards  referred  to,  it  aj^Mars 
that  the  probable  value  of  this  co-effident  for  the  best  sails  is 

/=  0-016 (3  A.) 

Then  modifying  the  symbols  in  equation  50,  as  already  described, 
and  deductiog  the  loss  of  energy  by  aerial  friction,  we  find  for  the 
useful  work  per  second  done  by  the  action  of  the  wind  on  the  band, 
or  bands  of  sail,  that  sweep  through  the  stream  of  air  whose  sec- 
tional area  is  «, 

Rw  =  cD«t;-^-|2tti;-cosfsinf-tt«(2sin2f+/)-/^} 

=  cD«vJ-|wvsin2f-w2(l-co8  2{;+/)-/«^}(*-) 

Dividing  this  by  —5 — ,  the  whole  energy  per  second  of  the 
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stream  of  wind,  we  find  for  the  efficiency  of  the  action  of  that 
stream 

^  =  c  {jriu2i:-^(l-co82f+/)-/}...(5.) 

The  ratio  of  the  speed  of  greatest  efficiency  for  a  given  weaiker  ^, 
to  the  speed  of  the  wind,  is 


.(6.) 


u^ 8in2f 

^^2(l-coB2f+/)- 

The  efficiency  corresponding  to  Hiat  speed  is 

ci ^2{__         ) 

u(i-coe2i:+/)  ^  r ^'f 

and  the  useful  work  oorreBponding  to  that  efSdency 

The  foUowing  are  some  examples  of  the  results  of  these  foimulte, 
tskm^  as  already  stated,/as  0-016,  e  =  0-76  :— 


2^ 

13^  1-86  0-29  V (9.) 

19^  1-41  0-31) 

It  will  afterwards  be  shown  within  what  limits  these  formula  are 
applicable. 

190.  The  BcM  V«rm  wmd  JhtvprnrOmmm  •f  8iiil%  as  determined 
experimentally  by  Smeaton,  are  as  follows : — 

In  fig.  85,  A  is  the  wind  shaft;  A  C,  the  whip  of  one  sail; 
B  D  E  C,  the  main  or  following  division  of  the  sail,  which  is 
rectangular;  B  F  C,  the  leading  (tivision  of  the  sail,  which  is  trian- 
gular. 

The  following  are  the  best  proportions : — 

AB=1aC;B0  =  |aC; 

BD  =  CE  =  iAT3;  C¥=t^AC 

The  following  are  the  best  values  for  the  anffle  of  weather  at 
different  distances  from  the  axis : — 


.(1.) 
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(2-) 


Difitance  in  Mo:^ )  ,         ^         ^  ^        ^ 

<^^-^-^> ^  (first  bar)  (tip) 

Weather,  C i8^      19"     18^     16^     la^i     7^ 

^ ,        191.  The  BM  flpeadi  for  the  ^;>«  0/  the  aaUs, 

weathered  as  above,  was  found  by  Smeaton  to  be 
about  2*6  times  the  velocitj  of  the  wind;  that  is, 


for  f=  7°,  «i  =  2-6  r. 


.(1.) 


It  is  from  this  experimental  result  that  the  value 
of  the  oo-effident  of  Motion  employed  in  Article 
189  has  been  deduced,  viz.,/=  0-016. 

The  result  computed  in  the  same  Article,  that 


for  f: 


19^  ^  =  1-41,  indicates  that  19*^  is  the 

proper  angle  of  weather  for  a  point  about  the 
middle  of  the  sail;  which  is  confirmed  by  experi- 
ment. 
Fig.  35,  The  application  of  the  formulae  of  that  Article  to 

all  parts  of  the  sail  would  give  it  a  slightly  convex 
svahcG ;  but  Smeaton  found  a  slightly  concave  surfisuse  (as  indicated 
by  Table  2,  Article  190)  to  be  somewhat  more  efficient  j  upon 
which  he  observes,  ^^  that  when  the  wind  &lls  upon  a  concave  sur- 
fiice,  it  is  an  advantage  to  the  power  of  the  whole,  though  eveiy 
part,  taken  separately,  should  not  be  disposed  to  the  best  advantage.** 
It  further  appears,  that  the  formuls  should  not  be  applied 
between  the  middle  and  the  inner  end  of  the  sail,  it  being  better  to 
preserve  nearly  the  same  angle  of  weather  throughput  that  part  of  it. 
192.  Power  Midi  ]BflciMiC7« — ^The  effective  power  of  a  windmill, 
as  Smeaton  ascertained  by  experiment,  and  as  equations  4  and  8 
of  Article  189  indicate,  varies  as  8,  the  sectional  a/rea  of  the  CKSting 
stream  of  wmd;  that  is,  for  similar  wheels,  as  the  sqyuvree  of  the  radiu 
The  value  0*75,  assigned  to  the  multiplier  c  in  Article  189,  is 
founded  on  the  fact  ascertained  by  Smeaton,  that  the  effective  povmr 
of  a  mndmill  toiih  mils  of  the  best  form,  and  about  15^  feet  radius, 
unth  a  breeze  of  13  feet  per  second,  is  abovJt  one  horse-power.  In 
the  computations  founded  on  that  fact>  the  mean  angle  of  weather 
^  is  made  8 13^,  and  /=  016  as  before.  Then  miilnTig  the  radius 
A  B  =  r,  and  the  area  of  the  cylinder  of  wind, 

equation  8  of  Article  189  becomes  as  follows : — 


ItiMi  =  0-! 


2flr 


•»f^;. 


.(1.) 
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being  the  effective  power  at  the  best  speed,  when  the  tips  of  the 
sails  move  at  2*6  times  the  speed  of  the  wind. 

To  find  the  effective  power  at  any  speed,  equation  4  is  referred 
to,  which,  when  ^=13**,  becomes — 

Rw  =  0-75^-»r2  |o-438wv— 0117 1^  — 0-016 »2  1(2.) 

The  value  of  D, — the  weight  of  a  cubic  foot  of  air, — ^may  be 
found  exactly  by  means  of  Tables  IL  and  III.  at  the  end  of  this 
volume;  but  taking  it  on  an  average  at  0*075  lb.,  the  above 
formuke  become, — 

Ri«i  =  0-022  |^.xr«; (1a.) 

R«  =  0-056-^-Tr8|o-438wi;-0-117t*a-0-016i;2l(2A.) 

From  equation  1  it  appears  that  a  windmill  of  the  best  form  and 
proportions,  with  the  tips  of  the  sails  moving  at  2*6  times  the  speed 
of  the  breeze,  has  an  effective  power  equsJ  to  ^  of  the  actual 
energy  of  the  cylinder  of  .wind  which  passes  it  in  a  second. 

193.  T«ww  milLr-ScU^AetlHs  Cap. — Fig.  86  is  a  vertical  section, 
and  fig.  87  a  horizontal  section,  of  the  top  of  a  tower  mill,  with 
its  self-acting  cap. 

A  A  A  is  the  tower ;  B  B  B  the  cap,  whose  lower  edge  is  an 
iron  ring,  resting  on  a  circle  of  rollers  which  rest  on  another  iron 
ring  on  the  top  of  the  tower,  and  aro  kept  at  their  proper  distance 
api^  by  an  intermediate  ring  E,  in  which  their  axes  have  bearings, 
a,  a,  a,  a  are  blocks  with  horizontal  guide  rollera 

C  is  a  circular  rack  fixed  to  the  top  of  the  tower. 

S  is  the  wind  shaft,  carrying  a  bevel  wheel  D,  which  drives  a 
bevel  wheel  on  the  upright  shaft  N,  through  which  motion  is  given 
to  the  machinery  of  tiie  milL 

From  the  back  of  the  cap  projects  the  frame  L  L,  carrying  the 
fiin  M,  which  through  a  train  of  wheelwork  marked  b  and  c  c, 
drives  the  pinion  f,  which  works  in  the  rack  c,  already  mentioned. 
When  the  wind  wheel  &oe8  the  wind,  the  £ui  is  turned  edgewise 
towards  the  wind,  and  remains  at  rest  So  soon  as  the  wind 
changes  its  direction,  it  makes  the  &n  rotate  in  one  direction  or 
another,  and  so  drives  the  pinion  /,  which  makes  the  cap  turn 
until  the  wind  wheel  again  faces  the  wind. 

The  bevel  wheel  D  on  the  wind  shaft  is  often  used  also  as  a 
hrake-i/i^ied,  its  rim  being  endroled  by  a  flexible  brake  (Article  49). 

194.  RM«im»  mr  WUgtOmMimm  mt  Sidftk — The  old  method*  of  cover- 
ing, a  windmill  sail  was  with  a  sheet  of  canvas,  of  which  a  greater 
or  less  extent  could  be  spread  according  to  the  strength  of  the  wind. 
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Yarioufl  methods  hare  been  invented  for  yarying  the  sturfaoe 
exposed  to  the  wind  while  the  mill  is  in  motion,  such  as  rollerB, 
upon  which  a  greater  or  less  extent  of  the  canvas  can  be  roUed  up ; 


Fig.  BG* 


^^N^^trt^ 


Fig.  87. 


boards  furling  by  sliding  behind  each  other  like  the  sticks  of  a  hn ; 
and  boards  taming  on  axes  into  different  positions,  like  the  bars  of 
a  Venetian  blind.  The  last  method,  the  invention  of  Sir  William 
Oubitt,  is  illustrated  in  figs.  8S  and  89.     Fig.  88  is  a  side  view. 


BEGULATION   OP   WINDMILL  SAIIA 


221 


Fig.  m. 


fig.  89,  a  front  view.     A  is  the  wind  shafb,  which  is  hollow;  B  C, 

a  rod  passing  through  it;  C,  a  swivel,  to  enable  the  foremost  end 

of  the  rod  to  rotate  with  the 

shafb ;  C  D,  the  hinder  end  of  the 

rod,  which  is  a  toothed  rack, 

working  with  the  pinion  E ;  F,  a 

dram  on  the  axis  of  that  pinion ; 

G,  a  cord  wound  on  it,  from 

which  hangs  a  weight  W;  I,  a 

guide  roller  for  the  rack. 

K  is  the  head  of  the  rod 
B  C,  connected  by  links  L  with 
the  levers  M,  which  turn  on 
bearers  carried  by  the  project- 
ing brackets  N.  P  is  a  rack ; 
V,  a  guide  roller ;  Q,  a  pinion ; 
R,  a  lever ;  S,  a  rod,  connected 
with  all  the  levers  for  moving 
the  valveSy  or  transverse  boards, 
which,  when  shut,  or  turned 

flatwise  to  the  wind,  fill  the  space*  bctwei^M  tho  bars  Cff 
the  sail,  and  make  a  continuoiis  flat,  surface ;  when 
opened,  or  turned  edgewise  to  the  i^'ind^  allow  it  to 
pass  through  with  little  action  oa  the  Jsail ;  and  when 
turned  into  intermediate  positions^  give  the  Bame  effect 
with  a  greater  or  less  surface  of  Bail.  Each  mijI  ha^ 
similar  apparatus. 

The  axes  on  which  the  valves  turn  are  placed  nearer 
to  one  edge  than  to  the  other,  so  that  tlie  pn^saure  uf 
the  wind  tends  to  open  them.  It  is  opfnisetl  by  the 
weight  W,  which  tends  to  close  theiUp  The  valves 
adjust  their  own  obliquity,  so  that  the  pressure  of  the 
wind  balances  the  weight  W;  and  thus  the  effij^rt  of  the 
wind  on  the  sails  is  maintained  nearly  constant  through 
all  variations  of  its  speed. 


i 

m 
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fig.  89. 


PART  IIL 

OP  STEAM   AND  OTHEE  HEAT  ENGINES. 


195.  Nature  ■■«  DiTirimi  •€  die  8«l«ject. — It  is  believed  to  iiave 
been  first  remarked  by  George  Stephenson,  that  the  original  source 
of  the  power  of  heat  engines  is  the  sun,  whose  beams  furnish  the 
energy  that  enables  vegetables  to  decompose  carbonic  add,  and 
so  to  form  a  store  of  carbon  and  of  its  combustible  compounds, 
afterwards  used  as  fuel  The  combination  of  that  fuel  with 
oxygen  in  furnaces  produces  the  state  of  heat,  which  being  com- 
municated to  some  fluid,  such  as  water,  causes  it  to  exert  an 
augmented  pressure,  and  occupy  an  incr^ised  volume;  and  those 
changes  are  made  available  for  the  driving  of  mechanism. 

According  to  a  speculation  originated  by  Mr.  Waterston,  and 
modified  and  developed  by  Professor  William  Thomson,  the  heat  of 
the  sun  is  produced  by  the  fidl  of  a  shower  of  matter  into  it ;  so 
that  the  original  source  of  the  power  of  heat  is  gravitation. 

In  the  present  treatise  we  are  concerned  with  those  operations 
only  in  the  obtaining  of  mechanical  energy  by  means  of  heat,  which 
are  performed  after  the  fuel  has  been  procured  in  a  state  fit  for  tise. 

The  present  part  of  this  treatise  consists  of  two  main  divisions; 
the  first  treating  of  those  laws  of  the  relations  amongst  the  pheno- 
mena of  chemi(»l  combination,  heat  and  mechanical  energy,  upon 
which  the  work  and  efficiency  of  heat  engines  depend  :  the  second, 
of  the  structure  and  operation  of  those  engines. 

The  former  of  those  main  divisions  conosts  of  three  subdivisions, 
the  first  treating  of  relations  amongst  the  phenomena  of  heat  them- 
selves; the  second,  of  combustion^  or  the  production  of  heat  by 
chemical  action;  and  the  third,  of  the  relations  between  heat  and 
mechanical  energy,  whose  principles  form  the  science  of  thebmo- 

DYKAHICa. 

The  latter  of  the  two  main  divisions  consists  of  two  subdivisions, 
the  first  relating  to  the  apparatus  by  which  heat  is  obtained  from 
burning  fuel,  and  commtmicated  to  a  fluid,  which  apparatus,  in  the 
steam  engine,  comprehends  the  furnace  and  boiler;  the  second, 
relating  to  the  apparatus  by  which  the  heated  fluid  is  made  to  per- 
form work  by  driving  mechanism,  being  the  "  enffine "  proper,  as 
distinguished  from  the  furnace  and  boiler. 
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CHAPTER  I. 

OF  BELATIONS  AMONGST  THE  PHENOHEKA  OF  HEAT. 

196.  Heat  DeAacd  uid  i^cMsribed. — ^The  word  ''heat"  isusedin 
two  senses — 

I.  A  oertain  class  of  sensationa 

IL  That  Gondition  of  bodies  which  consists  in  the  capacity  for 
producing  such  sensations. 

It  is  in  the  second  of  those  senses  that  the  word  will  be  employed 
in  this  treatise. 

The  condition  called  heat  has  other  properties  besides  that  by 
which  it  has  been  delGned.    Of  these  the  principal  are  as  follows : — 

I.  Heat  is  tramsfefmJble  from,  one  body  to  another ;  that  is,  one 
body  can  heat  another  by  becoming  less  hot  itself;  and  the  ten- 
dencies to  effect  that  transfer  are  capable  of  being  compared 
together  by  means  of  a  scale  of  quantities  on  which  they  depend, 
called  temperatureB. 

II.  The  transfer  of  the  condition  of  heat  between  two  bodies 
tends  to  bring  them  to  a  state  called  that  of  vadform  tempenUwre, 
at  which  the  transfer  ceases. 

III.  The  quantities  called  temperatures  are  accompanied  in  each 
body  by  certain  conditions  as  to  the  relations  between  density  and 
elasticity;  the  general  law  being,  that  the  hotter  a  body  is,  the  lesB 
is  its  dagtiusUy  offigwrt^  or  tendency  to  preserve  a  definite  form  and 
arrangement  of  parts,  and  the  greater  its  dasticUy  of  volume;  that 
is,  its  tendency,  if  solid  or  liquid,  to  preserve  a  definite  volume,  and 
if  gaseous,  to  expand  indefinitely. 

lY.  The  condition  of  heat  is  a  condition  of  energy;  that  is,  of 
capacity  to  effect  changes.  One  of  those  changes  has  already  been 
mentioned  under  the  head  I.,  viz.,  the  change  in  the  condition  of 
heat  of  bodies  which  axe  unequally  hot,  tending  to  bring  them  to 
uniformity  of  temperature.  Amongst  other  of  those  changes  are 
changes  of  density,  changes  of  elasticity,  chemical,  electri<»l,  and 
magnetic  changes. 

Y,  The  condition  of  heat^  considered  bb  a  kind  of  energy,  is 
capable  of  being  indirectly  measured,  so  as  to  be  expressed  as  a 
quantity,  by  means  of  one  or  other  of  the  directly  measurable  effects 
which  it  produces. 

YI.  When  the  condition  of  heat  is  thus  expressed  as  a  quttntity. 
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it  is  found  to  be  subject,  like  other  forms  of  energy  (mechanical 
energy,  for  example,^  to  a  law  of  conservation;  that  is,  if  in  any 
system  of  bodies,  no  neat  is  expended  or  produced  through  changes 
other  than  changes  of  temperature,  then  the  total  quantity  of  heat 
in  the  system  cannot  be  changed  by  the  mutual  actions  of  the 
bodies;  but  what  one  body  loses,  another  gains;  and  if  there  are 
changes  other  than  changes  of  temperature,  then  if  by  those  changes 
the  total  heat  of  the  system  is  changed  in  amount,  that  change  is 
compensated  exactly  by  an  opposite  change  in  some  other  form  of 
energy. 

Although  the  present  chapter  treats  specially  of  relations  amongst 
the  phenomena  of  heat,  yet  it  is  impossible  to  explain  these  relations 
without  occasionally  referring  to  relations  between  phenomena  of 
heat,  and  other  classes  of  phenomena,  ad  has  already  been  done  in 
the  preceding  general  description  of  heat 

The  remainder  of  this  chapter  is  divided  into  three  sections. 

The  first  relates  to  the  measurement  of  temperature,  and  to  the 
phenomena  with  which  particular  temperatures  are  accompanied. 

The  second  relates  to  the  measurement  and  comparison  of  quan- 
tities o/heaty  whether  such  as  are  lost  by  one  body  and  gained  by 
another  during  changes  of  temperature,  or  such  as  appear  and 
disappear  during  changes  of  other  kinds. 

llie  third  relates  to  the  rapidity  with  which  the  transfer  qfheat 
takes  place  under  various  circumstances. 

Seciiok  1. — 0/  Temperatm^y  and  Phenomena  deipendmg  on  them. 


197.  B«ui  Teaipcratans. — Two  bodies  are  said  to  be  at  equal 
temperatn/res,  or  at  the  same  temperatuav,  when  there  is  no  tendency 
to  the  transfer  of  heat  from  either  to  the  other. 

198.  Fixed  Teai|p«ratnc0,  or  standard  temperatures,  are  tempera- 
tures identified  by  means  of  certain  phenomena  which  occur  at  them. 

The  most  important  and  useful  of  fixed  temperatures  ib  that  of 
the  HELTING  OF  ICE  under  the  average  atmospheric  pressure.  This 
pressure  is  specified  for  the  sake  of  precision;  for  although  the 
variation  of  the  temperature  of  melting  ice  with  variations  of  pres- 
sure is  exceedingly  small,  it  is  still  appreciable. 

Next  in  importance  and  utility  is  the  boiling  point  of  puke 

WATEB  TTNDEB  THE  AVERAGE  ATMOSPHERIC  PRESSURE  of 

147      lbs.  on  the  square  inch,  or 
2116*4      ^^  ^^  ^^^  square  foot,  or 

29*922  inches  of  a  vertical  column  of  mercury, 

the  mercniy  being  at  the  temperature  of  melting  ice. 
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There  axe  many  other  phenomena  besides  the  melting  of  ice  and 
boiling  of  water  under  the  mean  atmospheric  pressure,  which  serve 
to  identify  fixed  temperatures;  but  the  two  phenomena  which  have 
been  specified  are  chosen,  because  of  the  precision  with  which 
they  can  be  observed,  for  the  purpose  of  fixing  the  standard  tem- 
peratures on  the  scales  of  thermometers,  or  instruments  for 
measuring  temperature. 

199.  Dfvreea  af  Tenpenunv— Peiftct  Qas  Thennwnieter. — The 
two  standard  points  of  the  scale  of  temperatures  having  been  found, 
it  is  next  requisite  to  express  all  other  temperatures  by  means  of  a 
scale  of  degrees,  and  fractions  of  a  degree;  which  scale  is  to  be 
graduated  according  to  the  magnitude  of  some  directly  measurable 
quantity  depending  on  temperature. 

The  quantity  chosen  for  that  purpose  is  the  product  of  the  pres- 
sure and  volume  of  a  given  mass  of  a  perfect  gas. 

A  perfect  gas  is  a  substance  in  such  a  condition,  that  the  total 
pressure  exerted  by  any  number  of  portions  of  it,  at  a  given  tem- 
perature, against  the  sides  of  a  vessel  in  which  they  are  enclosed,  is 
the  sum  of  the  pressures  which  each  such  portion  would  exert  if 
enclosed  in  the  vessel  separately  at  the  same  temperature;  in  other 
words,  a  substance  in  which  the  tendency  to  expand  of  each  appre- 
ciable mass,  how  small  soever,  that  is  difl^sed  through  a  given 
space,  is  a  property  independent  of  the  presence  of  other  masses 
within  the  same  space.  Absolutely  perfect  gases  are  not  found  in 
nature;  every  gas  approximates  more  closely  to  the  condition  of  a 
perfect  gas  the  more  it  is  heated  and  rarefied;  and  air  is  sufficiently 
near  to  the  condition  of  a  perfect  gas  for  thermometric  purposes. 

Let  Vq  denote  the  volume  of  a  given  weight  of  any  perfect  gas 
under  a  pressure  of  the  intensity  Pq,  at  the  temperature  of  melting 
ice,  and  Pq  Vq  the  product  of  those  factors; — a  quantity  whose  value 
in  foot-pounds,  for  one  pound  avoirdupois  of  air  and  other  gases,  is 
given  in  Table  II.,  at  the  end  of  this  voluma 

Let  p^  Vj  be  the  corresponding  product  for  the  temperature  of 
water  boiling  under  the  pressure  of  one  atmosphere. 

Then  it  is  known  from  the  experiments  of  M.  Begnault  and 
Mr.  Rudberg,  that  these  two  products  bear  to  each  other  the  fol- 
lowing proportion : — 

^^»  =  1-365 (1.) 

Now  let  To,  Tj,  denote  respectively  the  temperatures  of  melting 
ice  and  boiling  water  under  the  pressure  of  one  atmosphere,  in  de- 
grees of  the  scale  of  a  perfect  gas  thermometer,  the  intervals  upon 
which  scale  correspond  with  the  intervals  between  the  values  of 
the  ratio  pv  -r  Po  % 
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Let  T  be  any  third  temperature,  and  p  v  the  corresponding  pro- 
duct of  the  pressure  and  volume  of  the  gas. 

Then  because  the  interval  T^  —  To  corresponds  to  the  diflTerence 
Pi'^i—Po'^o  _.  Q.3g5   j^  ^  ^j^^  ^j^^  ^^  interval  T  — T^,,  corre- 

sponding  to  the  difference  ^^      Po^    j^^^  j^a^yg  the  following 

Po'^o 
value : — 

T         T  "^1 "^0     P^ Po^O.  /a\ 

0-365  Po% 

and  this  equation  expresses  the  relation  between  intervals  of  tem- 
perature, and  differences  of  the  product  p  v. 
.  200.  Diflerent  Tli«ntt«iMtrie  Scaler — ^The  number  of  degreoK 
Tj  —  To  into  which  the  interval  between  the  two  standard  tem- 
peratures is  divided,  and  the  number  of  degrees,  Tq,  between  the 
zero  of  the  scale  and  the  temperature  of  melting  ice,  are  arbitrary. 
On  Beaitmvr's  scale,  the  zero  is  the  temperature  of  melting  ice, 
and  Ti  —  To  =  80°;  therefore, 

To  =  0°;  Tj  =  80"; 

T_To=    ^  .^ii=^>^  =  219-2  ^i!^=2l^V.(l.) 
0-365  p^Vq  PqVq  ^   ' 

On  the  Centigrade  scale,  used  in  France,  and  over  most  of  the 
continent  of  Europe,  the  zero  is  the  temperature  of  melting  ice,  and 
Ti  —  To  =  100^  therefore. 

To  =  0^;  Ti  =  100°; 

T  -  To  =  ^    .  Pl^ZP^^  274°  ^^""^^.,(2.) 
0-365  j^o^o  i^o^o 

On  Fah/renh^s  scale,  used  in  Britain  and  America,  the  zero  is 
an  arbitrary  point,  32°  below  the  temperature  of  melting  ice; 
Ti  —  To  =  180°;  and  therefore, 

To  =  32°;  Tj  =  212°; 

T-To=  iSi  .  P^ZZll^  =  493°-2  ^  ^"^^  "\..(3.) 
0-365  p^Vq  PqVq  ^    ' 

In  the  present  treatise,  Fahrenheit's  scale  is  used  when  no  other  Ls 
specified. 

On  all  thermometric  scales,  temperatures  below  zero  are  reckoned 
downwards,  and  distinguished  by  having  the  negative  sign  pre- 
fixed. 
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201.  AkMlaie  Zcr«— AkMlafe  TeaipcnuaM. — ^There  is  a  tempera- 
ture which  is  fixed  by  reasoning,  although  no  opportunity  ever 
occurs  of  observing  it;  and  that  is,  the  temperaturo  corresponding 
to  the  disappearance  of  gaseous  elasticity,  at  which  pv^O, 

This  is  odled  the  absolute  zero  of  the  perfect  gas  theiinometer. 
By  reckoning  temperatures  from  it,  the  laws  of  all  the  phenomena 
which  depend  on  temperature  are  found  to  be  expressed  more 
simply  than  by  reckoning  from  any  ordinary  zero.  It  is  therefore 
the  most  suitable  zero  for  purposes  of  scientific  reasoning.  For  the 
purpose  of  recording  observations,  the  ordinary  zeros  are  more  con- 
venient, because  of  the  remoteness  of  the  absolute  zero  from  any 
temperature  which  is  ever  observed. 

Temperatures  reckoned  from  the  absolute  zero  are  called  abso- 
lute TEMPERATUBE&  In  this  treatise^  they  will  be  denoted  by  the 
symbol  t. 

Let  To  be  the  absolute  temperature  of  melting  ice;  and  r^  that  of 
boiling  water,  under  the  pressure  of  one  atmosphere. 

Let  r  be  any  third  absolute  temperature. 

Then 

^•-    0-365  ' ^^'^ 

Ti  =  1-365  To; (2.) 

r=To.-^ (3.) 

These  formulse  become— 
for  Rkmmur'a  scale, 

Tp  z=  219*»-2;   T,  =  299«>-2;  t  =  219**-2  -^^)       ,.  . 

=  T  +  219«-2;  j 

for  the  CerUigrade  8caley 

To  =  274*^;  T,  =  374^  t  =  274^  ^^^  =  T  +  274*  ;..(5.) 

for  Fahrmhe^B  scale, 

t  =  4930-2 ;  T,  =  673*>-2 ;  r  =  493^-2  -^  )      ... 
^1  PoVo  /...(6.) 

=  T  +  46r'2;  j 

and  the  positions  of  the  absolute  zero  on  the  ordmcMry  soalea  are. 


on  E6aumur'8  scale,         —  219'>'2,  ] 

on  the 

on  Fahrenheit^ 


lumur's  scale,         —  219'»-2, ) 

Centigrade  scale,  —  274«,     V (7.) 

irenheit's  scale,      —  461**-2.  j 
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Table  IIL,  at  the  end  of  the  volume,  shows  a  series  of  ordinary 
temperatures  on  the  Centigrade  and  Fahrenheit's  scales,  with  the 
corresponding  absolute  temperatures,  and  the  corresponding  values 

ofp  V  ^PoVfi. 

202.  BxFMMiMi  uidi  BUuitoitr  •f  ««ms« — A  gas  sensibly  perfect 
has  the  law  of  its  expansion  and  elasticity  expr^sed  as  foUows : — 

£^  =  ^; (1.) 

and  the  results  of  this  formula  are  given  in  Table  III.,  already 
referred  to. 

The  co-officiant  o/esi^Mmdon  of  a  perfect  gas,  being  the  increase  of 
volume  under  constant  pressure,  for  one  degree  of  rise  of  tempera- 
ture, of  so  much  of  the  gas  as  fills  unity  of  space  at  the  temperature 
of  melting  ice,  is  the  reciprocal  of  the  absolute  temperature  of 
melting  ice,  or, 

jgg^s-  =  0-0020276  per  degree  of  Fahrenheit 

This  is  a  theoretical  limit  to  which  the  co-efficients  of  expansion  of 
gases  approximate  as  their  densities  diminish  and  temperatures  in- 
crease. Their  actual  co-efficients  of  expansion  exceed  that  limit  by 
small  quantities  depending  on  the  nature,  density,  and  temperature 
of  the  gas. 

A  hypothesis  called  that  of  "  molecular  vortices,"  referred  to  in 
the  historical  sketch  prefixed  to  this  work,  led  to  the  conclusion^  in 
the  case  of  imperfect  gcues,  that  the  law  of  their  expansion  and 
elasticity  would  be  found  to  be  expressed  approximately  by  an  equa- 
tion of  ^he  form, 

|^=f_A.-^-^-&a (2.) 

PqVq  Tq  T  T» 

Aoi  A^,  &c.,  being  functions  of  the  density  — ,  to  be  determined 

empirically.     This  conclusion  was  verified  by  a  comparison  with 
the  experiments  of  M.  Begnault     (Memoirs  of  the  Academy  of 
Sciences,  1847 ;  Trans,  Roy,  Soe.  Edvn.,  1850 ;  PM.  Mag,,  Dec., 
1851 ;  Proc.  Roy,  Soc.  Edm,,  1855;  Phil  Mag,,  March,  1858.) 
The  formula  for  cabbonio  acid  oas  is  as  foUows : — 


in  which  jo^  =  21164 lbs.  on  the  square  foot;  Vq  =  8*15725  cubic 
feet  to  the  lb. ;  jpo  ^'o  =  17264  foot-pounds. 
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It  is  probable  that  a  formula  of  this  class  will  at  some  future 
period  be  found  to  express  the  relation  between  the  temperature, 
pressure,  and  density  of  steam;  but  at  present  it  is  impossible  to 
find  such  a  formula,  for  want  of  experimental  data.  The  difficulty 
of  ascertaining  exactly  how  much  of  the  water  or  other  fluid  within 
a  given  space  is  in  the  liquid  state,  and  how  much  in  the  state  of 
vapotir,  constitutes  a  serious  obstacle  in  the  way  of  obtaining  such 
data.  The  principal  causes  of  that  difficulty  are,  first,  that  a  vapour 
near  the  point  of  liquefaction  has  the  power  of  retaining  suspended 
in  it  a  portion  of  its  liquid  in  the  state  of  cl<md  or  mist;  and, 
secondly,  that  if  in  experiments  on  the  density  and  expansion  of 
steam,  glass  vessels  are  used,  in  order  to  show  when  the  steam  is 
free  from  cloud,  a  new  cause  of  uncertainty  is  introduced  by  the 
tietct,  that  the  attraction  between  glass  and  water  is  sufficient  to 
retain  in  the  liquid  state,  and  in  contact  with  the  glass,  a  film  of 
water  at  a  temperature  at  which,  but  for  the  attraction  of  the  glass, 
it  would  be  in  the  state  of  steam. 

The  ideal  density  of  perfectly  gaseous  steam,  given  in  Table  II., 
is  deduced  from  its  chemical  composition.  ,  One  cubic  foot  of 
hydrogen,  and  half  a  cubic  foot  of  oxygen,  combine  together,  and 
collapse  into  one  cubic  foot  of  steam.  Hence  the  ideal  weight  of  a 
cubic  foot  of  steam  at  32°,  and  under  one  atmosphere  (being  a 
quantity  to  be  used  in  calculation  only,  inasmuch  as  steam  cannot 
exist  at  that  pressure  and  temperature),  is  computed  as  follows  : — 

Lbfl. 

One  cubic  foot  of  hydrogen, 0*005592 

Half  a  cubic  foot  of  oxygen, 0*044628 


One  cubic  foot  of  ideal  steam,  Do, =  0*050230 

From  this  result  are  calculated  the  following,  ideal  also  :— 
Volume  of  one  lb.  steam  at  32°  and  one  atmosphere,' 

^0  =  —  =  19-913  cubic  feet ; 

PoVo  =  19-913  X  2116-4  =  42141  foot-lbs. 

If  from  these  quantities  are  computed  the  corresponding  quan- 
tities for  one  atmosphere  of  pressure  and  212°,  the  following  results 
ai'e  obtained : — 


.(4.) 


i?i  =  1  -365  Vo  =  27-18  cubic  feet; 
Di- 0-03679  lbs.; 
p^  v^  ~-  1-365  po  Vo  =-  57522  foot-lbs. 


.(5.) 
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The  volumes  and  densities  of  steam  given  in  Tables  IV.  and  VI. 
are  computed  by  a  method  which  will  afterwards  be  explained. 
Prom  32^  to  104°  they  agree  very  well  with  the  assumption  of  the 
perfectly  gaseous  condition,  with  the  following  values  of  Vq  and 
Po  %  which  are  somewhat  smaUer  than  those  deduced  from  chemical 
composition : — 

Vq  (ideal,  for  32°  and  one  atmosphere)  19*699  cubic  feet ; 

Do  =  0-05076  lbs,;  -  (6.) 

PoVo  =  iie90iooirlhs. 

If  atmospheric  steam  were  perfectly  gaseous  at  212°,  the  follow- 
ing would  be  the  results  of  the  above  formulae  : — 

i?i  =  1-365  Vo  =  26-89  cubic  feet ; 

Di=  003719  lbs.; 

jE?i  t?i  =  1  -365  po  Vo  =  56907  foot-lbs. 

It  is  proved,  however,  by  such  experimental  data  as  exist,  that 
the  actual  density  of  steam,  at  pressures  of  one  atmosphere  and 
upwards,  exceeds  that  computed  on  the  assumption  of  the  perfectly 
gaseous  condition,  and  that  the  excess  is  greater,  the  gi-eater  the 
pressure;  although  there  is  no  direct  experimental  determination 
of  the  exact  amount  or  law  of  that  excess.  By  the  indirect  method 
to  be  afterwards  explained,  the  amount  of  that  excess  is  found  at 
any  given  temperature;  but  the  general  law  which  it  follows  is 
unknown. 

The  tables  give,  for  one  atmosphere  and  212°, 


.(7.) 


.(8.) 


i?!  =  26-36  cubic  feet  per  lb. ;  ' 

Di  =  003797; 

/?it>i  =  55783  fooMba; 

differing  by  about  one-Jlftieth  part  from  the  results  given  in  the  for- 
mula (7);  and  the  proportional  difference  at  higher  pressures  is 
greater. 

The  data  from  which  the  densities  and  volumes  in  these  tables 
were  calculated,  were  the  experiments  of  M.  Hegnault  on  the  heat 
transferred  from  a  boiler  to  a  condenser,  by  sending  from  the  former 
to  the  latter  known  weights  of  steam  under  different  pressures ;  and 
it  is  certain,  that  whatsoever  may  prove  to  be  the  law  connecting 
the  density,  pressure,  and  temperature  of  steam  under  other  cir- 
cumstances, the  densities  and  volumes  in  these  tables  cannot  err, 
to  an  extent  appreciable  in  practice  for  steam  obtained  voider 
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(^cumsUmces  simiUvr  to  those  of  M.  RegnanlCs  experiments,  which 
circuinstaiices  are,  in  all  important  points,  similar  to  those  under 
which  steam  is  obtained  in  ordinary  steam  engines. 

In  the  Proceedings  of  the  Institution  of  Mechanical  Engineers 
for  June,  1852,  was  published  a  paper  by  Mr.  C.  W.  Siemens  con- 
taining the  results  of  experiments  "  on  the  expansion  of  isolated 
steam."  Those  experiments  show  a  very  rapid  rate  of  expansion 
with  increase  of  temperature  under  constant  pressure  near  the 
boiling  point  corresponding  to  the  pressure,  and  a  gradually 
diminishing  rate  as  the  temperature  rises.  For  steam  under  the 
pressure  of  one  atmosphere,  and  at  temperatui'es  varying  from  250° 
to  380^  Fahrenheit,  Mr.  Siemens's  experiments  give  as  the  mean 
co-efficient  of  expansion, 

-4^  =  0-00385  nearly; 

t 
the  co-efficient  of  expansion  of  a  perfect  gas  being  0*0020276. 

The  experiments  which  have  for  some  time  been  in  progress  by 
M.  Eegnault,  and  those  lately  undertaken  by  Mr.  Fairbimm  and 
Mr.  XJnwin,  may  be  expected  to  give  precise  data  on  the  subject  of 
the  density  of  steam,  and  its  expansion  by  heat. 

In  Table  Y.,  the  densities  of  the  vapour  of  sether  are  computed 
as  for  a  perfect  gas  from  its  chemical  composition;  because  in  the 
only  case  in  which  data  exist  for  computing  its  density  otherwise, 
the  results  of  the  two  modes  of  computation  agree  exactly,  as  will 
afterwards  be  shown. 

The  quantities  in  the  column  headed  £  in  Table  II.,  being  the 
expansions  of  unity  of  volume  at  32^  in  rising  to  212°,  are  180  times 
the  co-ejfficients  of  eospcmsion  per  degree  of  Fahrenheit 

203.  Bjcpaasl«a  ^f  lil^olAi— IHarenrial  Tlieniraietcr. — The  rate 
of  expansion  of  every  liquid  increases  as  the  temperature  becomes 
higher,  and  diminishes  as  the  temperature  becomes  lower. 

In  ike  case  of  water,  there  is  a  temperature  at  which  the  rate 
of  expansion  disappears,  and  the  volume  of  a  given  weight  reaches 
a  minimum.  That  temperature,  according  to  the  most  trustworthy 
experiments,  is 

39°-l  Fahrenheit (1.) 

Between  that  temperature  and  32°,  the  volume  of  a  given  weight 
of  water  increases  by  cold 

It  is  possible  that  a  similar  phenomenon  may  take  place  in  other 
liquids ;  but  it  has  not  yet  been  observed  in  any  liquid  except  water. 

The  above  temperature  of  the  maximum  density  of  water,  being 
the  temperature  at  which  the  specific  gravity  of  water  can  be  most 
accurately  ascertained,  is  used  in  France  as  the  standard  tempera- 
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tore,  at  which  the  weight  of  an  unit  of  volume  of  water  is  taken 
for  an  unit  of  weight,  and  of  specific  gravity.  The  standard  tem- 
perature for  the  British  standards  of  weight  and  measure  is  62° 
Fahrenheit. 

The  following  empirical  formula  for  the  expansion  of  water 
between  32*"  and  T?"*  Fahrenheit,  deduced  from  the  experiments  of 
Stampffer,  Despretz,  and  Kopp,  is  extracted  from  Professor  W.  H. 
Miller's  paper  on  the  Standiud  Pound,  in  the  FhUoaophical  Trans- 
cieUona  for  1856,  and  reduced  so  as  to  be  suited  to  Fahrenheit's 
scale  instead  of  the  Centigrade  scale,  for  which  it  was  originally 
computed : — 

,     V      101  (T  —  39-1)2  —  0-0369  (T  —  39-1)8 
^^vo"  10,000,000  ^^'^ 

Vp  denotes  the  •rolume  of  a  given  weight  of  water  at  39*''l  Fah- 
I'enheit,  and  imde^  one  atmosphere  of  pressui-e,  which  for  one 
poimd  of  water,  has  the  value 

^-62^=^-^^^^^^^^- <^-) 

log  Vo  =  2-2046414. 

V  denotes  the  volume  of  the  same  weight  of  water  at  any  other 
temperature  T  on  Fahrenheit's  scale. 

For  rough  calculations  of  the  density  of  water,  a  simple  approxi- 
mate formula,  suited  for  most  practical  purposes,  has  already  been 
given  in  Article  107,  p.  110. 

The  greater  convenience  of  thermometers  filled  with  liquid,  as 
compared  with  those  filled  with  air,  causes  the  former  to  be  em- 
ployed for  all  purposes  except  certain  special  scientific  researches; 
and  the  liquid  commonly  employed  is  mercury. 

A  mercurial  thermometer  consists  of  a  bulb  and  stem  of  glass. 
The  stem  should  be  as  nearly  as  possible  of  uniform  bore;  and  the 
inequalities  in  the  bore  should  be  ascertained  by  passing  a  small 
quantity  of  mercury  along  the  stem,  and  marking  the  lengths  that 
it  occupies  in  difierent  positions;  and  in  the  graduation  of  the  scale 
those  inequalities  should  be  allowed  for,  so  ^t  each  degree  of  the 
scale  shall  correspond  to  an  equal  portion  of  the  capacity  of  the 
stem.  A  sufficient  quantity  of  mercury  having  been  introduced,  it 
is  boiled,  to  expel  air  and  moisture,  and  the  tube  is  hermetically 
sealed.  The  standard  points  are  ascertained  by  immersing  the 
thermometer  in  melting  ice,  and  in  the  steam  of  water  boiling 
imder  the  pressure  of  14*7  lbs.  on  the  squai*e  inch,  and  marking  the 
positions  of  the  top  of  the  column;  the  interval  between  those 
points  is  divided  into  the  proper  number  of  degrees  (100  for  the 
Centigrade  scale,  180  for  Fahrenheit's  scale),  and  similar  d^rees 
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are  marked  above  and  below  those  points  if  neoeesary,  the  ascer- 
tained inequalities  in  the  bore  of  the  stem  being  allowed  for. 

The  rate  of  expansion  of  mercury  with  rise  of  temperature  in- 
creases as  the  temperature  becomes  higher ;  from  which  it  follows, 
that  if  a  thermometer  showing  the  £latation  of  mercury  simply 
were  made  to  agree  with  an  air  thermometer  at  32°  and  212°,  the 
mercurial  thermometer  would  show  lower  temperatures  than  the 
air  thermometer  between  those  standard  points,  and  higher  tem- 
peratures beyond  them.  For  example,  according  to  M.  E«gnault 
(Mem.  Acad,  Sc,  1847),  when  the  air  thermometer  marked 
350°  C.  {  =  662°  F.),  the  mercurial  thermometer  would  mark 
362°-16  C.  (  =  683°-89  F.),  the  error  of  the  latter  being  in  excess, 
12<»-16  C.  (  =  21»'89  F.) 

Actiial  mercurial  thermometers  indicate  intervals  Of  temperature 
proportional  to  the  apparent  expansion  of  mercury  contained  in  a 
glass  vessel, — that  is,  the  difference  between  the  expansion  of  mer- 
cury and  that  of  glass. 

The  inequalities  in  the  rate  of  expansion  of  the  glass  (which  are 
very  different  for  different  kinds  of  glass)  correct,  to  a  greater  or 
less  extent,  the  errors  arising  from  the  inequalities  in  ^e  rate  of 
expansion  of  the  mercury. 

For  practical  purposes  connected  with  heat  engines,  the  mercurial 
thermometer  made  of  common  glass  may  be  considered  as  sensibly 
coinciding  with  the  air  thermometer  at  all  temperatures  not  ex- 
ceeding 500°  Fahr. 

For  full  information  on  the  comparative  indications  of  thermo- 
meters, reference  may  be  made  to  M.  Eegnault's  papers  in  the 
Menwi/r8  of  the  Academy. of  Sciences  for  1847,  entitled  respectively 
*'  De  la  Mesure  des  Temperatures,"  and  "  De  la  Dilatation  Absolue 
du  Mercure." 

Spirit  thermometers  are  used  to  measure  temperatures  at  and 
below  the  freezing  point  of  mercury.  Their  deviations  fix>m  the 
air  thermometer  are  greater  than  those  of  the  mercurial  thermo- 
meter. 

204.  BxpMMlMi  af  flMldii. — The  numbers  which  it  is  customary  to 
give  in  tables  of  the  expansion  of  solids  are  the  raJaes  of  expansion 
of  one  dimensiony  and  are  therefore  respectively  one-third  of  the 
corresponding  rates  of  expansion  in  volimie. 

Solid  thermometers  are  sometimes  used,  which  indicate  tempera- 
tures by  showing  the  difference  between  the  expansions  of  a  pair  of 
bai-s  of  two  substances  whose  rates  of  expansion  are  different. 
When  such  thermometers  are  used  to  indicate  temperatures  higher 
than  the  boiling  point  of  mercury  under  one  atmosphere  (about 
67 6o  Fahr.),  they  are  called  PyroTnetera,  In  this  case  the  exact 
value  of  their  degrees  is  somewhat  uncertain. 
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205.  iHelttas  P«iMt» — One  melting  point  has  already  been  men- 
tioned as  a  fixed  temperature, — ^that  of  ice.  It  is  lowered  by 
pressure  to  the  extent  of  0*014  for  each  additional  atmosphere  of 
pressure, — a  fact  predicted  by  Prof.  James  Thomson,  and  ascer- 
tained experimentally  by  Prof.  William  Thomson. 

The  following  are  ^the  melting  points  of  a  few  of  the  more 
important  substances.  Those  marked  ?  have  been  measured  by  the 
pyrometer : — 


Bismuth, 493° 

Lead, 630° 

Zinc, 700°? 

Silver, 1280°? 

Brass, 1869°? 

Copper, 2548°? 

Gold, 2590M 

Cast  iron, 3479°  ? 

Wrought  iron,  higher,  but 
uncertain. 


Mercury> —  38° 

lee, +  32° 

Alloy— Tin   3,   Lead   5, 

Bismuth  8,  about, 210° 

Sulphur, 228^ 

Alloy — Tin  4,  Bismuth  5, 

Leadl, 246° 

Alloy— Tin  1,  Bismuth  1,  286° 
Alloy— Tin  3,  Lead  2,...  334° 
AUoy— Tin  2,  Bismuth  1,  334° 
Tin...... 426° 

Ice,  cast  iron,  bismuth,  and  antimony,  and,  according  to  Mr. 
Nasmyth,  many  other  substances,  are  more  bulty^  when  in  the  solid 
state,  near  the  melting  point,  than  they  are  when  in  the  liquid 
state;  as  is  shown  by  the  solid  material  floating  in  the  melted 
material. 

For  ice,  the  excess  of  volume  in  the  solid  state  above  the  volume 
in  the  liquid  state  is  very  great,  and  has  been  ascertained,  with  the 
following  results : — 

«       Volume  of  1  lb.  Weight  of 

cubic  fiBet  1  cub.  ft.  in  Iba. 

Water,  at  32° 0-01602  62-425 

Ice,       at  32° 0-0174  57*5 


206.  Pitj— nj  •#  TapMo^BrapMatiM— Bluing- — The  tempera- 
ture at  which  a  given  fluid  boils  xmder  a  given  pressure,  is  a  flxed 
temperature.  In  order  to  explain  this  phenomenon,  and  the  laws 
which  it  foUows,  it  is  necessary  in  the  first  place  to  describe  the 
distinctions  between  the  liquid  and  gaseous  conditions,  and  the 
mode  in  which  substances  pass  firom  the  one  to  the  other. 

I.  The  Liqmd  state  is  that  condition  of  each  internal  part  of  a 
body,  which  consists  in  tending  to  preserve  a  definite  volume,  and 
resisting  change  of  volume,  and  in  ofiering  no  resistance  to  change 
of  figura  It  is  known  that  most  substances,  and  believed  that  edl 
substances,  are  capable  of  assuming  the  liquid  condition  under  suit- 
able drcumstanoes.      The  property  of  offering  no  resistance  to 
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change  of  figure,  is  oommon  to  the  condition  of  liqtdd  and  gas,  and 
constitutes  the  Jluid  condition.  The  liquid  condition  is  distin- 
guished from  the  gaseous  by  the  property  of  tending  to  preserve  a 
definite  volume  :  a  body  in  the  gaseous  condition  tends  to  expand 
indefinitely.  Else  of  temperature  increases  the  resistance  of  liquids 
to  compression,  and  diminishes  their  cohesion.  It  is  known  of  most 
liquids,  and  believed  of  all,  that  for  each  temperature  of  a  given 
substance,  there  is  a  certain  minimum  pressure  on  its  external  sur- 
&ce,  which  is  necessary  to  its  existence  in  the  liquid  state,  and 
under  which  the  communication  of  additional  heat  to  the  liquid 
mass,  makes  it  boil,  or  emit  bubbles  of  vapour  from  its  interior. 
There  is  also  reason  to  believe,  that  all  liquids  under, all  circum- 
stances emit  vapour  from  their  surfaces,  and  are  surrounded  by  an 
atmosphere  of  their  own  vapour. 

II.  VapoiMr  is  any  substance  in  the  gaseous  condition,  at  the 
maximiim  of  density  consistent  with  that  condition.  This  is  the 
strict  and  proper  meaning  of  the  word  "  Yapour."  It  is  sometimes 
used  in  an  extended  sense,  identical  with  that  of  '^  gas,"  in  speaking 
of  substances  whose  ordinary  condition  is  the  liquid  or  solid.  It  is 
certain  that  most  substances  are  vaUuUey  that  is  to  say,  that  they 
can  and  do  exist  in  the  state  of  vapour,  at  all  attainable  tempera- 
tures. Many  vapours,  whose  existence  cannot  be  proved  by 
mechanical  or  chemical  processes,  are  obvious  to  the  sense  of  smell; 
for  example,  those  of  iron,  copper,  lead,  and  tin.  Whether  all  sub- 
stances are  volatile  at  all  temperatures  is  yet  uncertain.  If  there 
be  cases  of  exception,  it  is  to  be  understood  th^t  the  laws  stated  in 
the  sequel  of  this  Article  do  not  apply  to  them. 

III.  Presmre  and  Density  of  Va/pawrs, — For  each  volatile  sub- 
stance at  each  temperature,  there  is  a  certain  pressure  which  is  at 
once  the  least  pressure  under  which  the  substance  can  exist  in  the 
liquid  or  solid  state,  and  the  greatest  pressure  which  it  can  sustain 
in  the  gaseous  state  at  the  given  temperature.  That  pressure  is 
called  &e  pressure  of  saJbwraivm,  or  the  fresswte  of  vapowr  of  the 
given  substance  at  the  given  temperature;  it  is  a  frinction  of  the 
temperature;  and  the  density  of  the  vapour  is  a  function  of  the 
pressure  and  the  temperature.  The  relation  between  the  pressure 
of  vapour  and  the  temperature,  for  various  substances,  has  been  the 
subject  of  many  series  of  experiments,  of  which  the  latest  and  best 
are  those  of  M.  Begnault  on  steam  {MeTnovrs  de  VAcademia  des 
Sciences,  1847),  and  on  various  other  vapours  {Comptes  Eendus, 
1854).  The  best  sources  of  information  as  to  the  pressures  of 
vapours  are  the  tables  computed  by  M.  Begnault  from  those  experi- 
ments ;  but  such  pressures  may  also  be  computed  in  most  cases  with 
great  accuracy  by  the  aid  of  a  formula,  which,  with  the  constants 
applicable  to  vapours,  as  deduced  from  M.  Begnault's  experiments. 
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was  first  given  in  the  Edivbwrgh  Philosophical  Jommal  for  July, 
1849,  and  afterwards,  with  revised  constants,  in  the  Philosophical 
Magazine,  Dec.,  1854.  The  following  is  the  formula  for  calculating 
the  pressure  p  of  vapour  from  the  absolute  temperature  t  =  T  + 
461<>*2  Fahr.  of  the  boiling  point : — 

log^  =  A  —  -  —  -2 (1.) 


T 


The  following  is  the  inverse  formula  for  calculating  the  absolute 
temperature  of  the  boiling  point  from  the  pressure : — 

The  following  are  the  values  of  the  constants  in  the  formula,  for 
temperatures  in  degrees  of  Fahrenheit,  and  pressures  in  pounds  <m 
the  sqwvnfooit: — 

B  B^ 

Fluid.         a.  logs.         logo.  ^  ^^ 

Water, 8-2591 ...  3-43642. ..5-59873. ..0-003441.. .000001184 

Alcohol,...  7-9707  ...  3-31233.. .5-75323.. .0-001812. ..0-000003282 
-^Jther, 7*5732  ...  3-31492. ..5-21706. ..0-006264. ..0-00003924 

^^S^.,^f  }  ^'3438  ...  3-30728... 5-2i839...o-oo6i36...o-oooo3765 
Mercury,...  7*9691 ...  372284 

For  inches  of  meroury  at  32^  subtract  from  A, 1-8496 

„      lb.      on  the  square  inch,  „  A, 2-1584 

For  the  Centigrade  scale,  subtract  from  log  B, 025527 

logC, 0-51054 

jg 

multiply  s-Q  by  1-8 

"       4C2  ^y  3-24 

From  the  preceding  formula  and  constants  were  calculcated  the 
pressures  in  Tables  lY.  and  YI.  for  steam,  and  Table  Y.  for  sether, 
at  the  end  of  this  voluma 

The  general  result  of  such  formulse  and.tables  is,  that  the  pressure 
of  vapour  increases  with  the  temperature  at  a  rate  which  itself 
increases  rapidly  with  the  temperature.  If  any  vapour  were  a  per- 
fect gas,  its  dem^y  Dg,  at  any  temperature  Tg,  might  easily  be 
computed,  when  its  density  D^,  at  some  other  temperature  T^,  had 
been  ascertained  by  experiment,  by  means  of  the  formula, 
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Dg  (Tg  +  461°'2  Fahr.)   _  D^  (T^  +  461'^'2  Fahr.)  , 

—  -  I...(X  A.) 

P2  Pi  ^         ' 

in  which  p-,  and  p2  are  the  pressures  of  the  vapour  at  the  tempera- 
tures Tjand  Tg  respectively;  but  no  vapour  is  an  absolutely -per- 
fect gas;  and  the  density  of  every  vapour  increases  more  rapidly 
with  increase  of  pressure  than  that  which  would  be  given  by  the 
above  formula.  That  formula,  however,  is  sufficiently  near  the 
truth  for  practical  purposes  when  the  density  of  the  vapour  is  below 
certaLo  limits,  as  is  the  case  with  the  vapours  of  most  substances  at 
the  temperatures  which  usually  occur  in  the  atmosphere.  The 
experimental  determination  of  the  densities  of  vapours,  to  a  certain 
rough  degree  of  approximation,  sufficient  to  enable  the  formula  (1a) 
to  be  applied,  is  easy,  and  is  assisted  by  a  knowledge  of  their  chemi- 
cal composition,  in  consequence  of  the  well  established  laws,  first, 
that  perfect  gases  combine  by  volumes  in  simple  numerical  ratios 
only;  and,  secondly/,  that  the  volume  of  a  given  weight  of  a  compound 
perfect  gas  always  bears  simple  numerical  ratios  to  the  volumes 
which  its  constituents  would  occupy  separately.  Examples  of  the 
application  of  these  laws  are  given  in  the  case  of  steam,  in  Art.  202, 
equations  4, 5,  and  in  some  parts  of  Table  IL,  marked  thus,  *.  The 
direct  experimental  determination  of  the  densities  of  vapours,  to  a 
degree  of  accuracy  sufficient  to  show  the  exact  amount  of  their 
deviation  fix>m  the  perfectly  gaseous  condition,  has  not  yet  been 
accomplished.  A  method  of  computing  the  probable  value  of  such 
densities  theoretically,  from  the  heat  which  disappears  in  evaporating 
a  given  quantity  of  the  substance,  will  be  explained  in  Chapter  III. 
lY.  AtTnospheres  of  Vapov/r — Spheroidal  SUUe, — From  what  has 
been  stated,  it  appears  that  every  solid  or  liqtiid  substance  in  a 
state  of  molecular  equilibrium,  wherever  it  is  not  enveloped  by 
another  solid  or  liquid  substance,  is  enveloped  by  an  atmosphere  of 
its  own  vapour,  of  a  density  and  pressure  dependmg  on  the  tempera- 
ture (provided  the  substance  is  volatile  at  that  temperature).  It 
has  been  suggested  as  a  hypothesis,  that  the  density  of  a  very  thin 
layer  of  this  atmosphere,  immediately  adjoining  the  surface  of  such 
liquid  or  solid,  may,  owing  to  the  attraction  of  the  liquid  or  solid, 
be  much  greater  than  the  density  at  considerable  distances,  and  that 
the  elasticity  of  an  atmosphere  of  vapour  so  constituted  may  be  the 
cause  of  that  resistance  to  being  brought  into  absolute  contact, 
which  is  displayed  by  the  surfaces  of  solid  and  liquid  bodies  in 
general  (e.  g,,  when  raindrops  roll  on  the  surface  of  a  river),  and 
which  is  so  great  at  high  temperatures  as  to  produce  what  is  called 
the  ^^ spheroidal  state''  of  masses  of  liquid,  in  which  they  remain 
suspended  over  hot  solid  surfaces  with  a  visible  interval  between. 
The  only  substance    on  the  earth's  surface  which  is  sufficiently 
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HbundaDt  to  pervade  the  whole  of  the  earth's  atmosphere  at  all  times 
with  vapour  to  an  amount  appreciable  by  mechanical  and  chemical 
processes,  is  water. 

V.  Mixtfwres  of  Va/pmirs  and  Gasea. — ^It  has  already  been  ex- 
plained, in  Article  199,  that  the  pressure  exerted  against  the  interior 
of  a  vessel  by  a  given  quantity  of  a  perfect  gas  enclosed  in  it,  is  the 
sum  of  the  pressures  which  any  number  of  parts  into  which  such 
quantity  might  be  divided  would  exert  separately,  if  each  were 
enclosed  in  a  vessel  of  the  same  bulk  alone,  at  the  same  tempera- 
ture ;  and  that,  although  this  law  is  not  exactly  true  for  any  actual 
gas,  it  is  very  nearly  true  for  many.  Thus,  if  0*080728  lb.  of  air, 
at  32°,  being  enclosed  in  a  vessel  of  one  cubic  foot  of  capacity,  exerts 
a  pressure  of  one  atmosphere,  or  14*7  lbs.,  on  each  square  inch  of 
the  interior  of  the  vessel,  then  will  each  additional  0*080728  lb.  of 
air  which  is  enclosed,  at  32°,  in  the  same  vessel,  produce  very  nearly 
an  additional  atmosphere  of  pressure.  It  has  now  further  to  be 
explained,  that  the  same  law  is  applicable  to  ndxhi/res  of  gases  o/dif- 
/ererU  kirids.  For  example,  0*12344  lb.  of  carbonic  acid  gas,  at 
32<>,  being  enclosed  in  a  vessel  of  one  cubic  foot  in  capacity,  exerts 
a  pressure  of  one  atmosphere;  consequently,  if  0*080728  lb.  of  air 
and  0*12344  lb.  of  carbonic  acid,  mixed,  be  enclosed  at  the  tem- 
perature of  32°  in  a  vessel  of  one  cubic  foot  of  capacity,  the  mixture 
will  exert  a  pressure  of  two  atmosphere&  As  a  second  example : 
let  0*080728  lb.  of  air,  at  212°,  be  enclosed  in  a  vessel  of  one  cubic 
foot,  it  will  exert  a  pressure  of 

212°  +  461°*2      ,  «..    ^         , 
32°  -t-  461°*2  ^  atmosphere. 

Let  003797  lb.  of  steam,  at  212*,  be  enclosed  in  a  vessel  of 
one  cubic  foot :  it  wiU  exert  a  pressure  of  one  atmosphere.  Con- 
sequently, if  0*080728  lb.  of  air  and  0*03797  lb.  of  steam  be 
mixed  and  enclosed  together,  at  212°,  in  a  vessel  of  one  cubic  foot, 
the  mixture  will  exert  a  pressure  of  2*365  atmospheres.  It  is  a 
common  but  erroneous  practice,  in  elementary  books  on  physics,  to 
describe  this  law  as  constituting  a  differerux  between  mixed  and 
homogeneous  gases;  whei-eas  it  is  obvious,  that  for  mixed  and  ho- 
mogeneous gases  the  law  of  pressure  is  exactly  the  same, — viz.,  that 
the  pressvre  of  the  whole  of  a  gaseous  mass  is  die  swa  of  the  presswres 
of  all  its  parrts.  This  is  oi^e  of  the  laWs  of  mixtures  of  gases  and 
vapours.  A  second  law  is,  that  the  presence  of  a  foreign  ga>8eous 
substance  in  corUact  with  the  smface  of  a  solid  or  liquid,  does  not  affect 
tJie  density  of  the  vapov/r  of  that  solid  or  li^id,  unless  (as  M.  Kegnault 
has  recently  shown)  there  is  a  tendency  to  chemical  combination 
between  the  two  substances,  in  which  case  the  density  of  the  vapour 
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is  slightly  increased.  For  example :  let  there  be  a  mass  of  liquid 
yrater  in  a  receiver,  at  the  temperature  of  212®,  and  above  the  sur- 
face of  the  liquid  water  let  there  be  a  space  of  one  cubic  foot;  it  is 
necessary  to  molecular  equilibrium  at  the  given  temperature  of  212^, 
that  that  space  of  one  cubic  foot  should  contain  0*03797  lb.  of  steam, 
whether  the  space  be  void  of  all  other  substances,  or  filled  with  any 
quantity  of  air,  or  of  any  other  gaseous  substance  which  does  not  ^ 
exert  an  appreciable  chemical  attraction  on  the  water.  To  illus-  ** 
trate  the  law  further,  let  the  temperature  of  the  water  be  50^ ;  then 
it  is  necessary  to  molecular  equilibrium  that  the  space  of  one  cubic 
foot  above  the  water  should  contain  0*00058  lb.  of  watery  vapour, 
whether  and  to  what  amount  soever  air,  or  any  other  gaseous  sub- 
stance not  chemically  attracting  the  water,  is  contained  in  the  same 
space.  This  and  the  preceding  law  of  mixtures  of  gases  and  vapours 
(discovered  by  Dalton  and  Gay-Lussac),  enable  the  following  ques- 
tion to  be  solved : — Problem.  Given  the  total  pressure  P,  of  a  mix- 
ture of  a  gas  and  of  a  given  vapour,  in  a  space  saturated  with  the 
vapour  at  the  temperature  T;  required  the  pressure  and  density  of 
the  gas  separately. — ScltdUm,  Find,  from  a  table  of  experiments,  or 
from  a  formula,  the  pressure  of  saturation  of  the  vapour  for  the 
given  temperature  T;  let  it  be  denoted  by  p;  then  the  pressure  of 
die  gas.is  P — py  and  its  density  is  less  than  the  density  which  it 
would  have  had  under  the  pressure  P,  if  no  vapour  had  been  pre- 
sent, in  the  ratio 

V-p 
P    • 

Example.  A  space  contains  mixed  air  and  steam,  being  saturated 
with  steam  at  50®,  and  the  total  pressure  is  14*7  lbs.  on  the  square 
inch ;  what  is  the  pressure  of  the  air  separately,  and  what  weight  of 
air  is  contained  in  each  cubic  foot  of  the  space  ? — Answer.  Sther 
from  M.  Begnault's  experiments,  or  from  the  formula  already  cited, 
it  appears  that  the  pressure  of  the  steam  is  0*173  lb.  per  square 
inch ;  consequently,  the  pressure  of  the  air  separately  is  14*7  — 
0*173  z=  14*527  lbs.  per  square  incL  Also,  the  weight  of  air  in  a 
cubic  foot,  at  14*7  lbs.  per  square  inch  and  50®,  had  there  been  no 
steam  present,  would  luive  been 

0*080728  X  ^Qol\^^o,^^(^mm  lb.; 

consequently  the  weight  of  air  actually  present  along  with  the 
steam,  in  a  cubic  foot,  is 

14*527 
0O77885  X  ^\^  =  0-07698  lb. 
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A  second  problem  is^  to  find  the  density  of  the  mixture  of  gas  and 
vapour;  which  is  solved  by  adding  to  the  density  of  the  gas  ah'eady 
found,  the  density  of  the  vapour  as  computed  by  the  methods  for- 
merly referred  to.  Thus,  in  the  case  last  given,  it  appears,  by  com- 
puting from  the  latent  heat  of  evaporation,  that  the  weight  of  steam 
in  a  cubic  foot  is  0-00058  lb. ;  consequently,  the  weight  of  a  cubic 
foot  of  the  mixture  of  air  and  steam  is  0-07698  +  000058  = 
0*07756  lb.  With  respect  to  the  amount  of  the  deviations  from 
the  foregoing  laws,  which  occur  when  the  ingredients  of  the 
gaseous  mixture  have  a  chemical  affinity  for  each  other,  the  reader 
is  referred  to  the  later  researches  of  M.  Begnault  abeady  mentioned, 
Camptea  Eendus,  1854. 

VI.  EvaparcUion  arid  Gcndensation. — ^When  the  density  of  the 
vaporous  atmosphere  of  a  solid  or  liquid  is  diminished,  either  by 
the  enlargement  of  the  space  in  which  the  substance  is  contained, 
or  by  the  removal  of  part  of  the  vapour,  whether  by  mechanical 
displacement  ^as  when  it  is  blown  away  by  a  current  of  air)  or  by 
condensation  m  an  adjoining  space,  the  solid  or  liquid  evaporates 
until  equilibrium  is  restored,  by  the  restoration  of  the  vapour  to  the 
density  corresponding  to  the  existing  temperature.  The  same  thing 
takes  place  when  the  molecular  equilibiium  is  disturbed  by  commu- 
nicating heat  to  the  solid  or  liquid.  When  the  density  of  the 
vaporous  atmosphere  is  increased,  either  by  the  contraction  of  the 
space  in  which  the  substance  is  contained,  or  by  the  addition  of 
vapour  firom  another  source,  part  of  the  vapour  condenses  until 
eqtdlibrium  is  restored  as  before.  The  same  thing  takes  place  when 
the  molecular  equilibrium  is  disturbed  by  abstracting  heat  from  the 
vapour.  Evaporation  is  accompanied  by  the  disappearance  of  heat, 
called  the  Latent  Heai  of  FvaporaUon,  and  condensation  by  the 
re-appearance  of  heat,  according  to  laws  to  be  stated  in  Section  2  of 
this  Chapter.  When  the  space  above  the  solid  or  liquid  is  void  of 
foreign  substances,  the  restoration  of  equilibrium  is  sensibly  instan- 
taneous;  when  that  space  contains  foreign  gaseous  substances,  the 
restoration  of  equilibrium  is  more  or  less  retarded,  although  the 
conditions  of  equilibrium  (as  stated  in  Division  V.  of  this  Article) 
are  not  changed  It  is  the  retardation  of  the  diffusion  of  watery 
vapour  by  the  presence  of  air  which  prevents  every  part  of  the 
earth's  atmosphere  from  being  always  saturated  with  moisture. 

YII.  EbuUiUoTL — ^When  the  commimication  of  heat  to  a  liquid 
mass  and  the  removal  of  the  vapour  are  carried  on  continuously,  so 
that  the  pressure  throughout  the  mass  of  liquid  is  not  greater  than 
that  of  saturation  for  its  temperature,  evaporation  takes  place,  not 
merely  from  the  exposed  sur£Eu;e  of  the  liquid,  but  also  from  its 
interior :  it  gives  out  bubbles  of  vapour,  and  is  said  to  boU.  The 
ascertaining  by  experiment  of  the  temperatures  of  ebullition,  or 
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boiling  points,  of  a  liquid  under  various  pressures,  is  the  most  accu- 
rate method  of  determining  the  relation  between  the  temperature 
and  pressure  of  saturation  of  its  vapour.  Conversely,  when  that 
relation  is  known  for  a  given  fltiid,  and  expressed  by  formulae  or 
tables,  the  boiling  point  of  the  fluid  may  be  made  the  means  of 
measuring  the  pressure  on  it.  On  this  principle  is  founded  the 
method  invented  by  Wollaaton,  and  since  perfected  by  Dr.  J.  D. 
Forbes,  of  deducing  the  atmospheric  pressure,  and  thence  the  eleva- 
tion of  the  place  of  observation,  from  the  boiling  point  of  water  in 
an  open  vessel,  as  measured  by  a  very  delicate  thermometer.  (See 
Edinburgh  Transactions,  vols.  xv.  and  xxL) — ^When  the  term  boiling 
point  of  a  fluid  is  used  without  qualification,  it  means  the  boiling 
point  under  the  average  atmospheric  pressure  of  14*7  lbs.  on  the 
square  incL 

VIII.  Eesi^cmce  to  Boiling — Brine, — The  presence  in  a  liquid 
of  a  substance  dissolved  in  it  (as  salt  in  water),  resists  ebullition, 
and  raises  the  temperature  at  which  the  liquid  boils,  under  a  given 
pressure ;  but  unless  the  dissolved  substance  enters  into  the  compo- 
sition of  the  vapowr,  the  relation  between  the  temperature  and 
pressure  of  saturation  of  the  latter  remains  unchanged.  A  resist- 
ance to  ebullition  is  also  ofiered  by  a  vessel  of  a  material  which 
attracts  the  liquid  (as  when  water  boils  in  a  glass  vessel),  and  the 
boiling  takes  place  by  starts.  To  avoid  the  errors  which  causes  of 
this  land  produce  in  the  measurement  jof  boiling  pointe,  it  is  advis- 
able to  place  the  thermometer  not  in  the  liquid,  but  in  the  vapotur, 
which  shows  the  true  boiling  point,  freed  from  ^e  disturbing  eflect 
of  the  attractive  nature  of  the  vessel  The  boiling  point  of  satur- 
ated brine  under  one  atmosphere  is  226°  Fahr.,  and  that  of  weaker 
brine  is  higher  than  the  boiling  point  of  pure  water  by  P-2  Fahr. 
for  each  tt  of  salt  that  the  water  contains.  Average  sea  water 
contains  ^;  and  the  brine  in  jnarine  boilers  is  not  s\iflered  to  con- 
tain more  than  from  A  to  s^, 

IX.  NebuUms  or  Vesiculwr  Va/pour  is  a  condition  of  fluids,  also 
called  Cloud,  Mist,  or  Fog,  in  which  the  liquid  floats  in  the  air,  or 
in  its  own  vapour,  in  the  form  of  innumerable  small  globules.  The 
condition  of  cloud  is  one  into  which  fluids  pass  from  the  state  of 
vapour  on  being  condensed  by  mingling  with  cold  air.  By  heat, 
the  globules  of  cloud  are  made  to  evaporate  and  disappear;  by  cold 
they  are  made  to  coalesce  into  drops,  which  fJEdl  to  the  ground,  or 
adhere  to  neighbouring  solid  bodies. 

X.  Swperheaied  Vapour  means  vapour  which  has  been  brought 
to  a  temperature  higher  than  the  boiling  point  corresponding  to  its 
pressure,  so  as  to  be  in  the  condition  of  a  permanent  gas. 
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Section  2. — O/QtumtUies  o/HeaL 

207.  C«vip«rlMit  mf  QmiititfM  •€  li«^— The  condition  of  heat 
is  measured  as  a  quantity,  and  its  amounts  in  different  bodies  and 
under  different  circumstances  compared,  by  means  of  the.  changeH 
in  some  measurable  phenomenon  produced  by  its  transfer  or  dis- 
'  appearance.  Amongst  the  changes  used  for  this  purpose,  changes 
of  temperature  will  be  first  considered.  Heat  employed  in  produc- 
ing elevation  of  temperature  is  caUed  sensible  heat. 

In  so  using  changes  of  temperature,  it  is  not  to  be  taken  for 
granted  that  equal  differences  of  temperature  in  the  same  body 
correspond  to  equal  quantities  of  heat.  This  is  the  case,  indeed,  for 
perfectly  gaseous  bodies;  but  that  is  a  &yct  only  known  by  experi- 
ment In  bodies  in  other  conditions,  equal  differences  of  tempera- 
ture do  not  exactly  correspond  to  equal  quantities  of  heat.  To 
ascertain,  therefore,  by  an  experiment  on  the  changes  of  temperature 
of  any  given  substance,  what  proportion  two  quantities  of  heat  bear 
to  each  other,  the  only  method  which  is  of  itself  sufficient  in  the 
absence  of  all  other  experimental  data,  is  the  comparison  of  the 
weights  of  that  substance  which  are  raised  from  one  and  the  same 
lower  temperature,  to  one  and  the  same  higher  fixed  temperature, 
by  the  transfer  to  them  of  the  two  quantities  of  heat  respectively. 
For  example,  the  double  of  the  quantity  of  heat  which  raises  the 
temperature  of  cm  p(mnd  of  water  from  32°  to  32°  +  30°  =  62o, 
is  Twt  exactly  the  quantity  of  heat  which  raises  the  temperature  of 
one  pound  of  water  from  32°  to  32°  +  60°  =  92° ;  but  it  is  exactly 
the  quantity  of  heat  which  raises  the  temperature  of  tvoo  pauaids  of 
v^i&r  from  32°  to  62°. 

The  most  usual  experiments  on  quantities  of  heat  are  those  in 
which  the  eqtudity  of  two  quantities  of  heat  is  ascertained.  For 
example,  m  pounds  of  a  substance  A,  at  a  temperature  T,,  and  n 
pounds  of  a  substance  £  at  a  lower  temperature  T3,  are  brought 
into  dose  contact,  and  either  they  are  guarded  against  the  transfer 
of  heat  to  or  from  third  bodies,  or  if  such  transfer  is  unavoidable, 
its  amount  is  ascertained  and  allowed  for.  After  a  sufficient  time 
has  elapsed,  eqtdlibrium  of  temperature  takes  place,  by  both  bodies 
acquiring  the  same  temperature  Tj,  intermediate  between  T^  and  T3. 

Then  a  certain  amount  of  the  condition  called  heat  has  been 
transferred  from  JLtoB;  and  the  effects  of  that  transfer  are — 

I.  The  lowering  of  the  temperature  of  m  pounds  of  A  from  T ^  to  Tj ; 

II.  The  raising  of  the  temperature  of  n  pounds  of  £  from  T3  to  Tj ; 
from  which  we  conclude,  that  the  quantities  of  heat  corresponding 
to  those  two  effects  are  equal 

A  further  inference  from  the  same  experiment  is  the  following 
proportion : — 
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Quantity  of  heat  corresponding  to  the  interval  of  temperature 

between  T,  and  Tg  in  the  substance  A, 
:  Quantity  of  heat  corresponding  to  the  intenral  of  temperature 

between  T^  and  T3  in  the  substance  B 

:  :  n  :  m. 

The  same  mode  of  experimenting  may  be  applied  to  two  portions 
of  the  same  substance,  so  as  to  compare  the  quantities  of  heat 
corresponding  to  intervals  of  temperature  in  different  parts  of  the 
thermometric  scale. 

207  A.  A  Gaimriaieter,  or  instrument  for  measuring  quantities  of 
heat,  consists  essentially  of  a  vessel  containing  a  known  weight  of 
some  convenient  liquid,  such  as  water  or  mercury — ^a  thermometer 
for  indicating  the  temperature  of  that  liquid, — and  if  necessary,  an 
agitator,  or  fan,  for  making  the  liquid  circulate,  in  order  that  all  its 
parts  may  be  at  an  uniform  temperature  at  the  same  instant. 

Experiments  of  t]ie  kind  mentioned  in  Article  207  are  performed 
by  immersing  in  the  liquid,  or  mixing  with  it,  a  known  weight  of 
the  substance  to  be  experimented  on,  at  a  known  temperiEiture, 
different  from  the  temperature  of  the  liquid,  and  noting  the  com- 
mon temperature  of  the  liquid  and  of  the  immersed  substance  when 
equilibrium  of  temperature  is  restored;  taking  care  at  the  same 
time  that  all  losses  of  heat,  and  other  causes  of  error,  are  ascertained 
and  allowed  for. 

In  the  mercurial  calorimeter  of  MM.  Favre  and  Silbermann, 
there  is  no  independent  thermometer;  the  instrument  being  simply 
a  mercurial  thermometer  with  a  bulb  so  large,  that  the  body  to  be 
experimented  upon  can  be  enclosed  in  a  small  chamber  in  the 
centre  of  the  bulb,  so  as  to  insure  that  all  the  heat  which  that 
body  loses  shall  be  transferred  to  the  mercury.  This  calorimeter 
has  no  agitator. 

For  examples  of  the  construction  and  use  of  the  water  calori- 
meter, see  M.  Begnault's  papers  in  the  Memoira  of  the  Academy  of 
^Sciences  for  1847. 

208.  vmu  mt  Heat. — For  the  purpose  of  expressing  and  compar- 
ing quantities  of  heat,  it  is  convenient  to  adopt  as  an  unit  of  heat 
or  THERMAL  UNIT,  that  quantity  of  heat  which  corresponds  to  some 
definite  interval  of  temperatui'e  in  a  definite  weight  of  a  particular 
substance. 

The  thermal  unit  employed  in  Britain  is — 

The  quantity  ofheaJt  which  corretsponda  to  am,  irUerval  of  one  degree 
of  Fafirenheit'a  scale  in  the  temperature  of  one  pound  of  mure  liqrdd 
water,  at  and  neovr  its  temperalwre  of  greater  clensity  (39  •!  Fahren- 
heit). 

The  reason  for  the  limitation  to  that  part  of  the  scale  of  teni- 
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perature  which  is  near  the  temperature  of  the  greatest  density  of 
water  is,  that  the  quantity  of  heat  corresponding  to  an  interval  of 
one  degree  in  a  given  weight  of  water  is  not  exactly  the  same  in 
different  parts  of  the  scale  of  temperatures,  but  increases  as  the 
temperature  rises,  according  to  a  law  which  will  be  stated  in  the 
next  Article. 

For  temperatures  not  higher  than  80°  Fahrenheit,  that  quantity 
is  sensibly  constant. 

The  thermal  unit  employed  in  France  (called  Calorie)  is  the 
quantity  of  heat  which  corresponds  to  an  intei-val  of  one  CerUigrade 
degree  in  the  temperature  of  one  kilogramme  of  pure  liquid  water, 
at  and  near  its  temperature  of  greatest  density. 

The  following  statement  shows  the  mutual  ratios  of  the  British 
and  French  units  of  weight,  temperature,  and  heat,  with  the 
logarithms  of  those  ratios : — 

Ratios.  LogariUims. 

Pounds  avoirdupois  in  a  kilogramme, 2  '20462         o '3433340 

Kilogramme  in  a  lb.  avoirdupois, o'453593       1*6566660 

Fahrenheit  degrees  in  a  Centigrade  d^ree,  i'8  0-2552725 

Centigrade  degree  ina  Fahrenheit  d^ree,... 0*555  1^*7447275 

British  thermal  units  in  a  French  thermal )        ,0^  ^  or  r^ 

ujjit^ I  3*9<>832         0*5986065 

French  thermal  unit  in  a  British  thermal )  ^       - 

tmit, ]  o-25i99<5       i-40i3935 

Other  units  in  which  quantities  of  heat  can  be  expressed  will  be 
afterwards  explained 

209.  SpMiflc  Heat  •€  E^l^nids  utd  il^Uds. — ^The  specific  heat  of  a 
substance  means  the  quantity  of  heat,  expressed  in  thermal  units, 
which  must  be  transferred  to  or  from  an  unit  of  weight  (such  as  a 
pound)  of  a  given  substance,  in  order  to  raise  or  lower  its  tempera- 
ture  by  one  degree. 

According  to  the  definition  of  a  thermal  unit  given  in  Article 
208,  the  specific  heat  of  liquid  water  at  and  near  its  temperature 
of  maximum  density  ia  uniiy;  and  the  specific  heat  of  any  other 
substance,  or  of  water  itself  at  another  part  of  the  scale  of  tem- 
peratures, is  the  raJtio  of  the  vjeight  of  vxjUer  al  or  necvr  SO"*! 
Fahrenheit,  which  has  its  temperuAure  altered  one  degree  by  tlte 
tramsfer  of  a  given  qkwmtily  of  heat^  to  the  weight  of  the  other  svh- 
stance  vinder  consideration,  which  has  its  tem/perainire  altered  one 
degree  by  the  transfer  of  an  equal  quantity  of  heat :  the  equality  of 
quantities  of  heat  being  ascertained  in  the  manner  explained  in 
Article  207. 

The  specific  heat  of  a  substance  is  sometimes  called  its  '*  capacity 
for  heat.'' 
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The  specific  heats  of  the  substances  to  which  reference  will  after- 
wards have  to  be  made  in  this  treatise,  as  expressed  in  mxiinary 
thermal  nnits,  are  given  in  the  columns  headed  C  in  Table  II. ,  at 
the  end  of  the  volume. 

So  far  as  those  tables  relate  to  liquids  and  solids,  those 
quantities  are  to  be  regarded  as  merely  approximate  average 
values,  near  enough  to  the  truth  for  practical  purposes  at  the 
temperatures  which  usually  occur  j  for  the  specific  heat  of  every 
substance  in  the  liquid  or  solid  state  is  variable,  becoming  greater 
as  the  temperature  rises;  and  that  to  an  extent  which  is  in  general 
greater,  the  more  expansible  the  substance  is. 

The  only  substance  for  which  the  exact  law  of  that  variation  has 
been  ascertained  is  water,  on  whose  specific  heat  a  series  of  precise 
experiments  was  made  by  M.  Regnault,  and  published  in  the 
Memoirs  of  the  Academy  ofSdencea  for  1847. 

The  following  empiric^  formulae,  first  published  in  the  Trcma- 
fictions  ofik&  Royal  Society  of  Ediribwrgh  for  1851,  represent  very 
closely  the  results  of  those  experiments. 

Let  T  be  the  temperature  of  the  water,  reckoned  from  the 
ordinary  zero  of  Fahi'enheit's  scale.  Then  the  specific  heat  of 
water  at  that  temperature  is 

c=  1  +0-000000309 (T-  39M)2; (1.) 

the  number  of  units  of  heat  required  to  raise  one  pound  of  water 
from  any  temperature  Tj  to  any  other  temperature  Tg  is  as 
follows : — 

A  =  J\  (^  T  =  Tg - Ti  +  0-000000103  { (T2 -^  W'lf 

-(Ti-39M)8}  (2.) 

and  the  rrvea/n  specific  Jieat  between  any  given  pair  of  temperatures, 
Ti  and  T^,  is 

rfrKfr  =  1  +  0-000000103  {  (T2  -  39*'1)2 

4- (T2-39°-l)(Ti- 39*^-1) +  (Ti-39M)«} (3.) 

To  adapt  these  formulse  to  the  Centigrade  scale,  the  following 
alterations  are  to  be  made : — 

for  0-000000309  is  to  be  put  0-000001 ; 
for  0-000000103  „  0-00000033 ; 

forT-39M,  „  T-4°. 

The  exact  equivalent  of  39**-l  Fahrenheit  is  3°-94  Centigrade ;  but 
4°  is  sufiiciently  near  the  truth  for  the  present  purpose. 
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In  calculations  respecting  the  quantities  of  heat  required  by 
masses  composed  of  various  materials  to  produce  given  alterations 
of  temperature,  it  is  convenient  to  substitute  for  the  weight  of  each 
material  an  equivalent  weight  of  water,  and  then  to  calculate  for 
the  whole  mass  as  if  it  were  composed  of  water.  The  equivalent 
weight  of  water  is  found  in  each  case  by  multiplying  the  weight  of 
the  material  in  question  by  its  specific  heat. 

Suppose,  for  example,  that  a  calorimeter  contains  m  pounds  of 
water,  and  that  the  vessel  and  the  agitator  are  made  of  copper,  and 
weigh  q  pounds.  The  solid  part  of  the  apparatus  accompanies  the 
water  in  its  changes  of  temperature;  and  the  heat  required  to  pro- 
duce these  changes  must  be  taken  into  account.  This  is  con- 
veniently done  by  supposing  that  for  the  q  pounds  of  copper  there 
are  substituted  *0951  q  pounds  of  water  (-09.^  1  being  the  specific 
heat  of  copper);  and  then  computing  the  results  of  experiments 
made  with  the  calorimeter  as  if  it  consisted  solely  of 

m  +  -0951  q  pounds  of  water. 

The  following  are  the  specific  heats  of  a  few  liquids  and  solids, 
in  addition  to  those  given  in  Table  IL  at  the  end  of  the  volume. 
Some  are  given  on  the  authority  of  M.  Eegnault ;  some  on  that 
of  Lavoisier  and  Laplace,  some  on  that  of  Dalton,  and  the  specific 
heat  of  ice  on  that  of  M.  Person. 

Ice, 0-504 

Sulphur, 0-20259 

Charcoal, 0-2415 

Coal  and  coke  average, 0*201 

Alumina  ^Corundum), 0*19762 

Do.       (Sapphire), 0*21732 

Silica, 0*19132 

{Bricky  being  composed  of  silica  and  alumina,  has  probably  a 
specific  heat  of  about  0*2). 

Flint  glass, 0*19 

Carbonate  of  lime, 0-2085 

Quicklime, 0-2169 

Magnesian  limestone, 0-21743 

{Stones,  being  composed  chiefly  of  silica,  alumina,  and  carbo- 
nates of  lime  and  magnesia,  have  probably  specific  heats  not 
differing  greatly  from  0*2  or  0-22). 

Olive  oil,-. ...0-3096. 

From  some  of  the  above  data  may  be  deduced  the  useful  prac- 
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tical  conclusion,  that  the  amerage  9pecyic  heat  of  the  noTt^metallic 
materials  and  conteTits  of  a  Jwmace,  whether  bricks,  stones,  or  fad, 
does  not  gready  differ  from  one-fifth  of  thai  of  water. 

It  was  discovered  %  Dulong  and  Petit,  and  has  been  verified  by 
MM.  Kegnault,  Newmann,  and  Avo^mIto,  that  most  known 
Hubstances  may  be  arranged  according  to  the  analogies  of  their 
chemical  constitution  in  groups ;  and  that  in  any  one  given  group 
the  specific  heats  of  the  substances  are  with  few  exceptions  inversely 
as  their  chemical  equivalents ;  or,  in  other  words,  that  the  product 
of  the  specific  heat  of  a  substance  by  its  chemical  equivalent  is  a 
constant  for  most  of  the  substances  in  one  group. 

For  most  of  the  metals,  for  example,  that  constant  product  is, — 

According  to  the  French  scale  of  chemical  equivalents,. . .  37  '5 ; 
According  to  the  English  scale, 6* 

210.  (ipMiiie  Hott  wt  CtaMCfc — ^Although  the  exact  value  of  the 
s^^ecific  heat  of  air  was  predicted  by  an  indirect  calculation  in 
1850,  neither  it,  nor  that  of  any  other  gas,  was  determined  accu- 
rately by  direct  experiment  until  M.  Regnault  made  his  experi- 
ments on  that  subject,  the  results  of  which  were  published  in  the 
Comptes  Eendus  of  the  Academy  of  Sciences  for  1853. 

The  specific  heat  of  a  gas  which  is  nearly  in  the  perfectly  gaseous 
state  does  not  sensibly  vary  with  density  or  with  temperature;  so 
that  for  such  a  gas,  equal  intervals  of  temperature  correspond  to 
equal  quantities  of  heat  on  aU  parts  of  the  thermometric  scales. 

Hence  it  has  been  inferred  as  probable,  that  the  absolute  zero  of 
the  perfect  gas  thermometer  (Article  201)  coincides  either  exactly,  or 
very  nearly,  with  the  absolute  zero  of  heat,  or  temperature  at  which 
bocfies  are  wholly  destitute  of  the  condition  called  heat  This 
inference  is  corroborated  by  fects  to  be  mentioned  in  Chapter  III. 
of  this  Part. 

It  was  shown  by  Laplace  and  Poisson,  that  the  specific  heat  of  a 
gas  is  difierent,  according  as  it  is  maintained  at  a  cowAaml  volume, 
or  at  a  constarU  pressure,  during  the  operation  of  changing  its  tem- 
peiuture,  and  that  the  ratio  which  these  two  specific  heats  bear  to 
each  other  is  connected  with  the  velocity  with  which  sound  is  trans- 
mitted through  the  gas,  in  the  following  manner  : — * 

When  a  pound  of  a  given  gas  is  enclosed  in  a  vessel  of  invariable 
volume,  let  c^  denote  the  number  of  units  of  heat  required  in  oixier 
to  raise  its  temperature  one  degree. 

When  the  same  weight  of  tibe  same  gas  is  contained  in  a  space 
capable  of  enlargement,  and  subjected  to  a  constant  pressure,  and 
when  its  temperature  is  raised  by  one  degree,  it  not  only  becomes 
liotter  to  the  same  extent  as  before,  but  also  expands  by  0*0020276 
of  its  volume  at  32°;  and  it  is  known,  that  to  raise  its  temperature 
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one  degcee,  and  expand  its  volume  by  that  fraction,  requires  a 
quantity  of  heat  c,,  which  is  greater  in  a  certain  proportion  than 
that  required  merely  to  raise  its  temperature  one  d^ree  without 
expanding  it  (c«). 

Let  the  ratio    '  =  y.     Then  it  can  be  shown,  that  when  the 

density  of  the  gas  D  is  made  to  yaiy  without  any  transfer  of  heat 
to  or  from  the  gas,  the  pressure  varies  proportionally  to  that  power 
of  the  density  whose  index  is  the  ratio  y  j  that  is 


p  a  D*- (1.) 

The  velocity  with  which  sound  is  transmitted  through  any  sub- 
stance is  the  same  with  that  which  a  heavy  body  would  acqture  in 
falling  through  one-half  of  the  height  which,  being  multiplied  by 
a  small  variation  of  the  density  of  the  substance,  gives  the  corre- 
sponding small  variation  of  the  pressure.  That  is,  let  u  denote  the 
velocity  of  sound ;  then 

'^if) (^) 


.=^(i 


According  to  equation  1,  for  a  gas, 


dp    yp   __ 


T 


dJ>   -^    D 


=zypv  =  ypoVo*   -; (3.) 


and  consequently, 

t^  =  \/  (gypoVo.   ~V  y  =  J^^'o- (4.) 

so  that  when  the  velocity  of  sound  at  a  given  absolute  temperature 
r  has  been  ascertained  in  a  gas  for  which  ^q  ^o  ^  known,  the  ratio  y 
Can  be  calculated. 

The  value  of  that  ratio  for  atmospheric  air,  as  deduced  from  the 
experiments  of  MM.  Bravais  and  Martins,  and  MM.  Moll  and  Van 
Beek,  on  the  velocity  of  sound,  is 

y  =  1-408; (5.) 

and  the  same  value  agrees  very  nearly  also  with  the  experiments  of 
Dulong  on  the  velocity  of  sound  in  oxygen,  hydrogen,  and  carbonic 
oxida  For  the  denser  and  more  complex  gases,  its  value  appears 
to  be  smaller  (see  Edin.  Trans.,  xx.) 

Owing  to  the  difficulty  of  experimenting  on  the  specific  heats  of 
gases  at  constant  volume,  their  specific  heats  under  constant  pres- 
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sore  have  alone  been  found  by  direct  experiment  with  the  calorime- 
ter.    Examples  of  both  kinds  of  specific  heat  are  given  in  Table  II. 

211.  iMMmmt  Heat  means,  a  quantity  of  heat  which  has  diaap- 
peovred;  having  been  employed  to  produce  some  change  other  than 
elevation  of  temperature.  By  exactly  reversing  that  change,  the 
quantity  of  heat  which  had  disappeared  is  reproduced. 

When  a  body  is  said  to  possess  or  (x/nJUiin  so  much  latent  heat, 
what  is  meant  is  this, — ^that  the  body  is  in  a  condition  into  which 
it  was  brought  from  a  former  different  condition  by  transferring  to 
it  a  quantity  of  heat  which  did  not  raise  its  temperature,  the  change 
of  condition  having  been  different  from  change  of  temperature;  and 
that  by  restoring  the  body  to  its  original  condition  in  such  a  man- 
ner as  exactly  to  reverse  all  the  steps  of  the  former  process,  the 
quantity  of  heat  formerly  expended  can  be  reproduced  in  the  body 
and  transferred  to  other  bodies. 

The  principles  according  to  which  such  disappearance  and  pro- 
duction of  heat  take  place  belong  to  the  Second  and  Third  Chapters 
of  this  Part;  at  present  the  &cts  are  merely  to  be  stated  as  they 
are  observed 

The  effects  other  than  rise  of  temperature,  produced  by  quanti-  , 
ties  of  heat  which  disappear,  can  be  used  to  measure  and  compare 
those  quantities. 

212.  lAteat  Hcttt  of  EzpansioB — Heat  which  disappears  in  caus- 
ing the  volume  of  a  body  to  increase  under  a  given  pressure,  has 
already  been  illustrated  in  the  case  of  gases.  For  example,  to 
raise  the  temperature  of  a  pound  of  air  one  degree  of  Fahrenheit, 
and  at  the  same  time  to  increase  its  volume  by  0*0020276  of  its 
volume  at  32°,  requires  Cp  =  0*238  of  a  themial  unit;  while  the 
mere  rise  of  temperature,  without  expansion,  requires  only  c,  = 
0*169;  and  it  is  evident  that  the  difference  between  those  quanti- 
ties, or  Cp  —  c«  =  0*069  of  a  thermal  unit,  is  the  heat  uohich  disap- 
pecMTS  in  prodticing  the  hefwe-meiniiom/ed  expansion;  or,  in  other 
words,  the  latent  heaJt  of  expansion  of  the  air,  for  an  expansion  of 
0*0020276  of  its  volume  under  the  same  pressure  at  32°. 

The  £ftct  already  mentioned,  that  the  increase  of  the  specific  heat 
of  solids  and  liquids  as  the  temperature  rises  is  greatest  for  those 
which  are  most  expansible  by  heat,  and  in  particular,  the  instance 
of  that  £Eu;t  which  takes  place  for  water,  whose  least  specific  heat 
corresponds  to  its  greatest  density,  makes  it  probable  that  the 
va/riable  pwrt  of  the  specific  heat  of  solids  and  liquids  is  laJt^&fd  heat 
of  expansion;  and  that  the  real  specific  heat  of  every  substance,  or 
the  heat  which  produces  changes  of  temperature  alone,  is  constant 
for  all  temperatures. 

213.  i^atent  Heat  of  FnaioB. — ^When  a  body  pas^  firom  the 
solid  to  the  liquid  state,  its  temperature  remains  stationary,  or 


LATENT  HEAT  OF  FUSION.  251 

nearly  stationaiy,  at  a  certain  rndting  point  (Art  205)  during  the 
whole  operation  of  melting;  and  in  order  to  make  that  operation 
go  on,  a  quantity  of  heat  must  be  transferred  to  the  substance 
melted,  having  a  certain  amount  for  each  unit  of  weight  of  the 
substance.  That  heat  does  not  raise  the  temperature  of  the  sub- 
stance, but  disa/ppecvra  in  causing  its  condition  to  change  from  the 
solid  to  the  liquid  state;  and  it  is  called  the  IcUerU  heat  of  fusion. 

When  a  body  passes  from  the  liquid  to  the  solid  state,  its  tem- 
])erature  remains  stationary  or  nearly  stationary  during  the  whole 
operation  of  freezing;  a  qiiantity  of  heat  equal  to  the  latent  heat 
of  fusion  is  produced  in  the  body;  and  in  order  that  the  opera- 
tion of  fr^eezing  may  go  on,  that  heat  must  be  transferred  from 
the  body  to  some  other  body. 

The  following  are  examples  in  British  thermal  units  per  lb. : — 

Sabetancea.  Hdtiog  points.  ^*M^ 

Joe  (according  to  Pedet), 32° 135 

„    (according  to  Person), 32  i42'65 

Spermaceti, 56  148 

BeesVax, 140  175 

Phosphorus, 177  9*06 

Sulphur, 405  i6-86 

Tin, 426  500 

M.  Person,  in  a  paper  published  in  the  Armales  de  Chimie  et  de 
FhysiquSf  for  November,  1849,  gives  the  following  law  as  the  result 
of  his  experiments  on  the  latent  heat  of  fusion  of  non-metallic 
substances: — 

Let  c  be  the  specific  heat  of  the  substance  in  the  solid  state ; 

</,  its  specific  heat  in  the  liquid  state ; 

T,  its  temperature  of  fusion  in  Fahrenheit's  ordinary  scale ;  then 
the  latent  heat  of  fusion  of  one  pound,  in  British  thermal  units,  is 

Z  =  (</  —  c)  (T  +  256**) (1.) 

In  the  case  of  ice,  for  example,  c  =  0-604;  (/  =  1 ;  T  =  32°,  and 

ly  by  calculation, =  "496  x  288  =  142*86 

If  by  experiment,  according  to  M.  Person, =  142*65 

Difference, 0*21 

M.  Person  also  gives  a  general  formula  for  the  latent  heat  of 
fusion  of  metals,  as  to  which  it  is  sufficient  here  to  refer  the  reader 
to  the  original  paper  cited. 

The  fitsion  of  solids  is  sometimes  used  for  the  measurement  of 
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quantities  of  heat.  For  example,  an  ice  caloriTneter  consists  essen- 
tially of  a  block  of  ice,  in  wlucb  a  cavity  has  been  made,  with  a 
stopper  of  ice  for  closing  it.  K  a  piece  of  some  substance  at  a  given 
temperature,  higher  than  32°,  is  enclosed  in  that  cavity  until  its 
temperature  falls  to  32°,  the  quantity  of  heat  transfeiTed  from  it  to 
the  ice  is  indicated  by  ^e  weight  of  ice  melted,  being  at  the  rate 
of  142  British  thermal  units  for  each  pound  of  ice  melted. 

The  lowering  of  the  melting  point  of  ice  by  pressure,  discovered 
by  Mr.  Thomson,  will  be  described  in  Chapter  III. 

214.  lAteat  Heat  of  BTapMatioa. — ^When  a  body  passes  from  the 
solid  or  liquid  to  the  gaseous  state,  its  temperature  during  the  whole 
operation  remains  stationary  at  a  certain  boiling  point  (Article  206) 
depending  on  the  pressure  of  the  vapour  produced;  and  in  order  to 
make  the  evaporation  go  on,  a  quantity  of  heat  must  be  transferred 
to  the  substance  evaporated,  whose  amount,  for  each  unit  of  weight 
of  the  substance  evaporated,  depends  on  the  temperature.  That  heat 
does  not  raise  the  temperature  of  the  substance,  but  disappea/rs  in 
causing  it  to  assume  the  gaseous  state;  and  it  is  called  the  latent 
heat  of  evaporation. 

When  a  body  passes  from  the  gaseous  state  to  the  liquid  or  solid 
state,  its  temperature  remains  stationary,  during  that  operation,  at 
the  boiling  point  corresponding  to  the  pressure  of  the  vapour;  a 
quantity  of  heat  equal  to  the  latent  heat  of  evaporation  at  that 
temperature  is  produced  in  the  body;  and  in  order  that  the  opera- 
tion of  condensation  may  go  on,  that  heat  must  be  transferred  from 
the  body  condensed  to  some  other  body. 

The  relations  which  exist  between  the  latent  heat  of  evaporation, 
and  the  pressure  and  volume  of  the  vapour,  will  be  explained  in 
Chapter  III. 

The  following  are  examples  of  the  latent  heat  of  evaporation  in 
British  thermal  units,  of  one  pound  of  certain  substances,  when  the 
pressure  of  the  vapour  is  one  atmosphere  of  14-7  lbs.  on  the  square 
inch : — 

CK^  Boning  point  Latent  heat  in  a  *u    •*» 

Snbstanoe.  under  one  atm.  Bri^h      ita  Authonty. 

Water, 2i2°'o         ...         966*1         ...         Regnault 

Alcohol, i72'2         ...         364*3         ...         Andrews. 

-^ther, 95'0         ...         1628         ...  do. 

^"if  ..!'}"'»•«         -         ^560         ...  do. 

The  latent  heat  of  evaporation  of  water  at  a  series  of  boiling 
points  extending  from  a  few  degrees  below  its  freezing  point  up  to 
about  375®  Fahrenheit  has  been  determined  experimentally  by  M. 
Kagnatdt  {Memoirs  ofi^k/e  Academy  ofSdemeSy  1847).     The  follow- 
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ing  empirical  formula  represents  the  results  of  those  experiments 
with  great  precision,  in  British  Uiermal  units : — 

I  =  1091-7  —  0-695  (T  —  32°)  —  0-000000103  (T  —  39°-l)8....(l.) 

This  formula  is  not  exactly  the  same  with  that  given  by  M. 
Begnault  himself,  but  is  slightly  modified  for  reasons  explained  in 
a  paper  on  the  specific  heat  of  liquid  water,  in  the  TransacHons  of 
the  Royal  Society  of  Edinimrgh^  voL  xx.  For  the  Centigrade  scale, 
in  French  urwtSy  it  becomes 

I  =  606-5  —  0-695  T  —  0O000003S  (T  —  4°)8 (2.) 

In  most  of  the  cases  which  occur  in  practice,  it  is  sufficient  to 
calculate  the  latent  heat  of  evaporation  of  water  by  the  following 
approximate  formula : — 

I  nearly  =  1092  —  0-7  (T  —  32o)  =  966  —  0-7  (T  —  212*^)...(3.) 

The  latent  heats  of  evaporation  of  other  substances  at  pressures 
difierent  from  one  atmosphere  have  not  yet  been  ascertained. 

215.  T«tei  Heat  0f  BTRv«nitioB,  Or  total  hecU  of  vapour ,  is  a  con- 
ventional phrase  used  to  denote  the  sum  of  the  heat  which  disappears 
in  evaporating  one  pound  of  a  given  substance  at  a  given  tempera- 
ture (or  latent  heat  of  evaporation),  and  of  the  heat  required  to  raise 
its  temperature,  before  evaporation,  from  some  fixed  temperature 
up  to  the  temperature  of  evaporation.  '  The  latter  part  of  the  total 
heat  is  called  the  sensible  heat. 

To  express  this  by  symbols,  let  Tg  be  the  temperature  at  which 
the  substance  is  originally  obtained,  T^  that  at  which  it  is  evapor- 
ated, c  its  mean  specific  heat  between  those  temperatures,  and  ^  ^^ 
latent  heat  of  evaporation  at  the  temperature  T^;  then  its  total 
heat  qfevaporationy/rom  Tj,  at  Tj,  is  thus  expressed — 

/•2.i  =  <'(*i-T,)  +  ii (1.) 

In  formulae  and  tables  relating  to  the  total  heat  of  evapoi'ation,  it 
is  usual  to  take  for  the  original  temperature  To,  that  of  melting  ice. 

In  the  case  of  water,  the  experiments  of  M.  Kegnault,  already 
referred  to,  led  him  to  the  discovery  of  the  veiy  simple  law,  that 
the  total  heat  o/steami  from  the  temperatwre  of  mdting  ice  increases 
at  an  uniform  rate  as  the  temperatture  of  evaporation  rises.  The 
following  is  the  formula  by  which  that  law  is  expressed,  for  Fah- 
renheit's scale  a/nd  British  units : — 

h  =  1091-7  +  0-305  (T  —  32°); (2.) 

which,  for  the  Centigrade  scale  a/nd  Frenclh  units,  becomes 

^  =  606-5  +  0-305  T (2  a.) 
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It  is  by  subtracting  from  this  expression  the  quantity  of  heat 
required  to  raise  unity  of  weight  of  water  from  the  temperature  of 
melting  ice  to  the  temperature  of  evaporation  T,  as  given  in  Article 
209,  that  the  formulae  1  and  2  of  Article  214  are  obtained. 

Let  Co, 2  be  the  mean  specific  heat  of  water  between  the  tempera* 
ture  of  melting  ice  and  the  temperature  Tg  of  the  "feed  tocUer " 
supplied  to  a  boiler ;  then  we  have,  for  the  total  heat  expended 
per  pound  of  water  evaporated ^rom  Tg  at  Tj,  the  following  formula 
(in  British  units)  : — 

7*2,1  =  1091-7  +  0-305  (Ti  —  32«)  —  Co,2  (Tg  —  32°);.. .(3.) 

the  last  term  showing  the  diminution  of  the  expenditure  of  the 
heat  consequent  upon  the  temperature  of  the  feed  water  being 
Tj  —  32°  higher  than  that  of  melting  ice. 

In  most  of  the  cases  which  occur  in  practice,  small  fractions  may 
be  neglected,  and  the  specific  heat  of  liquid  water  may  be  treated 
as  constant,  and  =  1 ;  so  that  the  following  approximate  formulfe 
are  in  such  cases  sufficient : — 

h  =  1092  +  0-3  (T  —  32°)  =  1146  +  0-3  (T  —  212°);.. .(4.) 

7*2,1  =  1092  +  0-3  (Ti  —  32°)  —  (Tj  —  32°) (5.) 

215  A.  nieasareiiieat  of  Veas  by  BTaporattoa. — The  heat  pro- 
duced by  the  combustion  of  a  given  weight  of  ftiel  (of  which 
examples  will  be  given  in  Chapter  II.)  is  usually  ascertained  by 
finding  what  weight  of  water  it  evaporates.  In  such  experiments, 
it  is  essential  to  the  obtaining  of  accurate  results  that  the  tempera- 
ture of  the  feed  water  and  the  temperature  of  evaporation  should 
both  be  ascertained,  and  the  total  heat  per  pound  of  water  com- 
puted; for  which  purpose  the  approximate  formula  5  is  sufficient 
That  total  heat  being  divided  by  966,  the  latent  heat  of  evapoiution 
of  a  pound  of  water  at  212°,  gives  a  multiplier,  by  which  the  weight 
of  water  actually  evaporated  by  each  pound  of  fuel  is  to  be  multi- 
plied, to  reduce  it  to  the  equivalent  evaporcUion/rom  and  at  212^ ; 
that  is,  the  loeigkt  of  water  which  would  have  been  eva/porated  by  each 
pound  offvelj  had  tfie  waJter  been  both  supplied  and  evaporated  at  tfye 
boiling  point  corteapovuiing  to  the  mean  atmospheric  pressure. 

The  weight  of  water  so  calculated  is  called  the  evaporative  power 
of  the  fuel.  To  state  it  is,  in  fact,  to  employ  a  peculiar  thermal 
unit, — ^viz.,  the  latent  heat  of  evaporation  of  one  pound  of  water  at 
212°,  which  is  966  times  greater  than  the  ordinary  British  thermal 
unit  To  exemplify  the  reduction  above  described,  let  the  water  be 
supplied  to  the  boiler  at  104°  Fahr.,  and  evaporated  at  230°.  •  Then 
by  equation  5  of  Article^l5,  the  total  heat  of  evaporation  in  com- 
mon British  units  per  pound  of  steam  is  (neglecting  fractions), 
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^2,1  =  1092+  ^:  198  —  72  =  1079; 

and  the  multiplier  by  which  the  weight  of  water  actually  evaporated 
is  to  be  multiplied  to  find  the  equivalent  evaporation  from  and  at 
iJ12^  is 

^^    =  M17. 
966  ' 

The  following  is  a  convenient  form  of  the  expression  for  that 
multiplier,  or /actor  of  evaporation : — 

0-3  (T,  — 212")+  (212°  — Tg) 
^    "^  966  ' 

The  table  on  the  next  page  gives  the  factor  of  evaporation  as 
calculated  by  the  above  formula,  for  various  temperatures  of  feed 
water  and  of  boiling  point. 

21p  R  Total  Heat  of  CteaeflcaiiMi. — It  is  demonstrated  by  rea- 
soning to  be  explained  in  Chapter  III.  that  the  total  heat  required 
to  convert  a  given  substance  from  a  state  of  great  density  at  a  given 
temperature  T©,  to  the  perfectly  gcbseoua  stale  at  a  given  temperature 
Tj,  the  operation  being  completed  under  any  constant  pressure,  is 
given  by  the  equation 

A  =  a  +  c'  (T,  -To).. (!.)• 

where  a  is  a  constant,  and  d  is  the  specific  heat  of  the  substance 
in  the  perfectly  gaseous  state,  under  constant  pressure.  For  steam  in 
the  peifectly  gaseous  state,  or  etecvmrgaa,  as  it  may  be  called,  for  which 

po  «?«  =  42141  foot-lbs., 
the  best  existing  data  give 


a  =  1092;) 
d  =  0-475.  j  ' 


.(2.) 


For  example,  to  convert  one  pound  of  water  at  32®  into  steam-gcbs 
at  212%  requires 

1092  +  -475  X  180  =  1177 

units  of  heat;  being  more  than  the  quantity  required  to  make 
saturated  steam  at  the  same  temperatui:e,  in  the  ratio 

'Z  -  ^^- 

*  Equation  1  was  flnt  demonstrated  for  certain  cases  in  1849,  in  a  paper  published 
in  the  Transaetioiu  qfthe  Royal  Society  qf  Edmburgh^  vol  zx. ;  and  was  afterwards 
more  generally  demonstrated  in  a  paper  read  to  that  Societr  in  1855,  but  not  yet 
pnblished. 
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Section  3.-0/  the  Tromfefr  of  EeaJt, 

217.  Tmmifer  of  Hcttt  in  OcBcniL — It  has  already  been  explained 
(Articles  196,  197),  that  equality  of  temperature  between  two 
bodies  consists  in  tJie  abseuce  of  any  tendency  to  transfer  of  heat 
between  them;  and  that  when  their  temperatures  differ,  there  is 
a  tendency  to  equalize  their  temperatures,  by  the  transfer  of  heat 
jfrom  the  hotter  to  the  colder.  That  tendency  is  the  greater,  the 
greater  the  difference  between  those  temperatures. 

The  rate  at  which  the  transfer  of  heat  takes  place  between  two 
bodies,  at  unequal  temperatures,  depends — 

Fvrsty  on  the  tendency  to  transfer  heat,  increasing  as  some  func- 
tion of  the  two  temperatures  and  their  difference. 

Secondly,  on  the  areas  of  those  parts  of  the  surfaces  of  the  bodies 
through  which  the  transfer  of  heat  takes  place.  In  most  of  the 
cases  which  occur  in  practice,  those  areas  are  equal,  and  then  the 
rateof  transfer  of  heat  is  directly  proportional  to  their  common  extent. 

Thirdly,  on  the  nature  of  the  material  of  each  of  the  bodies,  and 
the  condition  of  their  surfaces. 

Fourthly,  on  the  nature  and  thickness  of  the  intervening  sub- 
stances, if  any.  Increase  of  that  thickness  diminishes  the  rate  of 
transfer  of  heat 

The  transfer  of  heat  takes  place  by  three  processes,  called  respec- 
tively, radiationy  condtiction,  and  convection, 

218.  Badiaiton  of  heat  takes  place  between  bodies  at  all  distances 
apart,  in  the  same  manner  and  according  to  the  same  laws  with  the 
radiation  of  light.  Its  phenomena  have  been  studied,  and  its  laws 
ascertained,  by  many  scientific  inquirers;  but  for  purposes  con- 
nected with  prime  movers  driven  by  means  of  heat,  the  exact  and 
complete  statement  of  those  laws  is  unnecessary.  It  is  sufficient  to 
state,  that  the  rate  of  radiation  of  heat  by  the  hotter  of  a  pair  of 
bodies,  and  of  its  absorption  by  the  colder,  are  increased  by  dai*k- 
ness  and  roughness  of  the  surfaces  of  the  bodies,  and  diminished  by 
smoothness  and  polish. 

219.  CondnctioB  is  the  transfer  of  heat  between  two  bodies  or 
parts  of  a  body,  which  touch  each  other.  It  is  distinguished  into 
internal  and  exterrud  conduction,  according  as  it  takes  place  between 
the  parts  of  one  continuous  body,  or  through  the  surface  of  contact 
of  a  pair  of  distinct  bodies. 

The  rate  at  which  conduction,  whether  internal  or  external,  goes 
on,  being  proportional  to  the  area  of  the  section  or  surface  through 
which  it  takes  place,  may  be  expressed  in  the  form  of  so  many 
thermal  vnite  per  square  foot  of  area,  per  howr. 

The  rate  of  internal  condtiction  through  a  given  substance,  thus 
expressed,  is  proportional — 
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I.  To  the  rate  at  which  the  temperature  varies  along  a  line  per- 
pendicular to  the  section  through  which  the  heat  is  transferred 

II.  To  a  co-efEcient  called  tibe  internal  conductivity  of  the  sub- 
stance, which  depends  on  the  nature  of  the  substance.  It  also 
depends  to  a  small  extent  on  the  temperature  at  the  section  under 
consideration,  being  in  general  somewhat  greater  at  higher  than  at 
lower  temperatures;  but  the  law  of  its  increase  with  temperature 
has  not  yet  been  accurately  ascertained  in  any  case;  and  it  is 
usually  treated  as  approximately  constant. 

Those  laws  are  expressed  mathematically  as  follows  : — 

Let  dx  denote  the  distance,  in  a  direction  perpendicular  to  a 
sectional  plane  through  which  heat  is  transferred,  between  a  pair  of 
points  in  a  mass  of  a  given  substance ; 

d  T,  the  difference  between  the  temperatures  of  the  mass  of  those 
points; 

Then  the  rate  of  conduction  through  the  given  sectional  plane 
may  be  represented  by 

z.    ^'^  /i\ 

^=^"rx'> <^-> 

h  being  the  co-efficient  of  conductivity.  Now  in  cases  where  k 
without  sensible  error  may  be  treated  as  constant,  the  above  equa- 
tion leads  to  the  conclusion,  that  the  rate  of  conduction  through  a 
JlcU  layer y  of  any  uniform  thickness,  is  simply  proportional,  directly 
to  the  difference  between  the  temperatures  of  the  two  fiMses  of  the 
layer,  and  inversely  to  its  thickness;  a  principle  expressed  as 
follows : — 

T' T 

9  =  ^-^^' (2-) 

where  T'  and  T  are  the  temperatures  at  the  two  faces  of  the  layer, 
and  a;  its  thickness.  For  reasons  which  will  afterwards  appear,  it 
is  convenient,  in  cases  of  this  kind,  instead  of  the  conductivity  k 
itself,  to  use  its  reciprocal,  which  may  be  called  the  interned  thermal 
reeieta^nce  of  the  substance,  and  may  be  represented  as  follows  : — 


1 
k' 


e-x> (3.) 


so  as  to  transform  equation  2  into  the  following  form  : — 

T'  — T 


e^ 


.(4.) 


The  following  are  some  values  of  the  co-efficient  of  thermal 
resistance  g,  for  different  substances,  when  q  is  expressed  in  thermal 
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v/niis  per  hour  per  squa/re  foot  ofa/rea,  and  x  in  inckeSy  as  computed 
from  a  table  of  conductivities  deduced  by  M.  Peclet  fix)m  experi- 
ments bj  M.  Despretz  : — 

e 

Gold,  platinum,  silver, 0*0036 

Copper, 0*0040 

Iron, 0*0096 

Zinc, ....0*0099 

Lead, 0*0198 

Marble, 0*1578 

Brick, 0*3306 

The  total  internal  thermal  resistance  of  a  plate  consisting  of 
layers  of  different  substances  may  be  found  by  adding  together  the 
resistances  of  the  several  layers.  Thus,  let  x  denote  the  thickness 
of  any  one  of  those  layers;  e,  the  co-efficient  of  thermal  resistance 
of  the  substance  of  which  it  consists  :  let  2,  as  usual,  denote  the 
summation  of  a  set  of  quantities,  so  that  S  *  a;,  for  example,  is  the 
total  thickness  of  the  compound  plate ;  then 

2*e«, 

is  the  total  thermal  resistance  of  that  plate,  and 

T^T  ... 

g=  y.    ^> (5.) 

Lt'  ^X 

the  rate  of  conduction  through  it  per  square  foot  per  hour,  when 
T  and  T  are  the  temperatures  of  its  hotter  and  cooler  faces  respec- 
tively. 

The  rate  of  external  conchusHon  through  the  bounding  surface 
between  a  solid  body  and  a  fluid  is  approximately  proportional  to 
the  difference  of  temperature,  when  that  is  small;  but  when  that 
difference  is  considerable,  the  i-ate  of  conduction  increases  fjEister 
than  in  the  simple  ratio  of  that  difference,  as  will  afterwards  be 
shown  more  in  detail. 

The  rate  of  external  conduction  may  be  expressed  by  dividing 
the  difference  of  temperature  by  a  co-efficient  of  external  thermal 
resisUmce,  depending  on  the  nature  of  the  substances,  and  also  on 
their  temperatures.  Let  the  values  of  that  co-efficient,  for  the  two 
surfaces  of  a  given  plate,  be  denoted  by  a',  a,  respectively;  let  x  be 
the  thickness  of  the  plate  in  inches,  as  before,  and  ^  its  co-efficient 
of  internal  thermal  resistance;  then  the  total  thermal  resistance  of 
the  plate  and  of  its  two  external  surfaces  is 

o'+v  +  fx'y 

and  the  rate  of  conduction  through  it  is 
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T T 

^  =  7T'+1^ ('-^ 

Where  T,  T,  are  now  the  temperatures,  not  of  the  two  surfaces  of 
the  plate,  but  of  the  two  fluids  which  are  respectively  in  contact 
with  its  two  faces. 

The  external  thermal  resistance  of  the  metal  plates  of  boiler  flues 
and  tubes,  and  other  apparatus  used  for  heating  and  cooling  fluids, 
is  so  much  greater  than  the  internal  thermal  resistance,  that  the 
latter  is  inappreciable  in  comparison ;  and,  consequently,  the  nature 
and  thickness  of  those  plates  has  no  appreciable  effect  on  the  rate 
of  conduction  through  them. 

The  combined  external  thermal  resistances  of  both  surfaces  of  a 
plate,  when  one  is  in  contact  with  a  liquid  and  the  other  with  air, 
have,  according  to  M.  Peclet,  values  capable  of  being  expressed  by 
the  following  formula : — 

'"*"'''^A"|1+B(T'^^^)] (''•^ 

in  which  the  constants  depend  chiefly  on  the  condition  of  the  sur&ce 
of  the  body,  and  have  the  following  values  : — 

B  for  polished  metallic  surfaces,... 0-0028 

B  for  rough  metallic  surfaces,  and  non-metallic  sur&ces,  0*0037 

A  for  polished  metals,  about 0-4 

A  for  glassy  and  varnished  surfaces, o-6 

A  for  dull  metallic  surfaces, 07 

A  for  lamp  black, o-8 

When  a  metal  plate  has  a  liquid  at  each  side  of  it,  it  appears 
from  experiments  by  M.  Peclet,  that  the  constants  in  equation  7 
take  the  following  values  : — 

B  =  0-058;  A  =  4-0. 

It  will  be  shown  in  a  subsequent  Article,  that  the  results  of 
experiments  on  the  evaporative  power  of  boilers  agree  very  well 
with  the  following  approximate  formula  for  the  thermal  resistance 
of  boiler  plates  and  tubes  : — 

'''+*'  =  rp'  — T^ ^^'^ 

which  gives  for  the  rate  of  conduction,  per  square  foot  of  surfieu^e 
per  hour, 

,=<-^^ w 
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This  formula  is  not  proposed  as  being  more  than  a  rough  approxi- 
mation, but  its  simplicity  makes  it  very  convenient,  and  it  will  be 
shown  that  it  is  near  enough  to  the  truth  for  its  purpose. 

The  value  of  a  lies  between  160  and  200. 

220.  ConreeUom  or  OwrrlBff  of  heat  means  the  transfer  and 
diffusion  of  the  state  of  heat  in  a  fluid  mass  by  means  of  the  motion 
of  the  particles  of  that  mass. 

The  conduction,  properly  so  called,  of  heat  through  a  stagnant 
mass  of  fltdd,  is  very  slow  in  liquids,  and  almost,  if  not  wholly, 
inappreciable  in  gases.  It  is  only  by  the  continual  circulation  and 
mixture  of  the  particles  of  the  fluid  that  uniformity  of  temperature 
can  be  maintained  in  the  fluid  mass,  or  heat  transferred  between 
the  fluid  mass  and  a  solid  body. 

The  laws  of  the  cooling  of  thermometer  bulbs  by  convection, 
when  placed  in  receivers  filled  with  different  gases  in  different 
states  as  to  pressure,  were  ascertained  by  Dulong  and  Petit ;  but 
the  circumstances  of  the  experiments  were  too  unlike  those  which 
occur  in  boilers  and  furnaces  to  enable  those  laws  to  be  used  in  the 
solution  of  questions  connected  with  heat  engines. 

The  free  circulation  of  each  of  the  fluids  which  touch  the  sides  of 
a  solid  plate  is  a  necessary  condition  of  the  correctness  of  the  for- 
mulse  for  the  conduction  of  heat  through  that  plate,  which  have 
been  given  in  Article  219;  and  in  each  of  those  formulae  it  is 
impli^,  that  the  circulation  of  each  of  the  fluids  by  currents  and 
eddies  is  such  as  to  prevent  any  considerable  difference  of  tempera- 
ture between  the  fluid  particles  in  contact  with  one  side  of  the 
solid  plate  and  those  at  considerable  distances  from  it 

It  is  to  promote  that  circulation,  and  so  to  insure  uniformity  of 
temperature  in  the  fluid  mass,  that  an  agitator  is  employed  in  the 
water  calorimeter,  as  already  stated  in  Article  207  a.  For  a 
similar  purpose,  large  boiler  flues  are  sometimes  provided  with 
** bafflers;**  that  is,  projecting  partitions  which  compel  the  hot 
gases  to  take  a  circuitous  course,  in  order  that  edcKes  may  be 
formed,  so  as  to  bring  as  many  different  particles  as  possible  suc- 
cessively in  contact  with  the  heating  surface^  Those  bafflers,  how- 
ever, have  also  another  object,  which  is  to  promote  that  thorough 
mixture  of  air  with  the  inflammable  gas  from  the  fuel,  which  is 
necessary  to  complete  combustion. 

The  most  rapid  convection  of  heat  is  that  which  is  effected  by 
means  of  cloudy  vapour,  which  combines  the  mobility  of  a  gas  with 
the  comparatively  greater  conducting  power  of  a  liquid ;  as  when 
steam  communicates  heat  to  a  solid  body  by  condensing  on  its 
surface.  Some  data  as  to  the  rate  at  wluch  this  process  goes  on 
will  be  given  in  Article  222. 

When  heat  is  to  be  transferred  by  convection  from  one  fluid  to 
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another  through  an  intervening  layer  of  metal,  the  motions  of  the 
two  fluid  masses  should  if  possible  be  in  apposite  direcHonSf  in  order 
that  the  hottest  particles  of  each  fluid  may  be  in  communication 
with  the  hottest  particles  of  the  other,  and  that  the  mvnvmujti 
diflerence  of  temperature  between  the  adjacent  particles  of  the  two 
fluids  may  be  the  greatest  possible. 

Thus  in  the  sui^e  condensation  of  steam,  by  passing  it  through 
metal  tubes  immersed  in  a  current  of  cold  water  or  air,  the  cooling 
fluid  should  be  made  to  move  in  the  opposite  direction  to  the  con- 
densing steam. 

In  a  steam  boiler^  it  is  fayourable  to  economy  of  fael  that  the 
motion  of  the  water  and  steam  should  on  the  whole  be  opposite  to 
that  of  the  flame  and  hot  gas  for  the  Aimace. 

Thus,  if  there  is  a  "  feed-water  heater,"  consisting  of  a  set  of 
tubes  through  which  the  water  passes  to  be  heated  before  entering 
the  boiler,  that  apparatus  shotdd  be  placed  in  or  near  the  foot  of 
the  chimney,  so  as  to  be  heated  by  gas  that  has  left  the  boiler,  and 
thus  to  employ  heat  that  would  otherwise  be  wasted.  The  coolest, 
that  is,  the  lowest  portions  of  the  water  in  the  boiler,  should,  if' 
practicable  and  convenient,  be  contiguous  to  the  coolest  parts  of  the 
furnace  and  heating  surface;  and  if  there  is  apparatus  for  super- 
lieaJbing  the  steam,  or  raising  its  temperature  above  the  boiling  point 
corresponding  to  its  pressure,  that  apparatus  will  be  most  efficient 
if  placed  in  &e  hottest  part  of  the  furnace,  like  that,  for  example, 
uf  Messrs.  Parsons  and  Pilgrim. 

221.  BMclency  of  VcaHMg  0iirfiiec« — When  a  layer  of  metal, 
lying  between  two  flowing  masses  of  fluid,  serves  as  the  means  of 
tmnsmitting  heat  from  the  hotter  to  the  cooler  of  those  masses,  the 
proportion  borne  by  the  quantity  of  heat  so  transmitted  to  the 
whole  quantity  of  heat  which  the  hotter  mass  must  lose  in  order  to 
reduce  it  to  the  temperature  of  the  colder  majss,  may  be  called  the 
efficiency  of  the  heating  surface  of  that  layer  of  meta]. 

In  most  of  the  cases  that  occur  in  practice,  the  layer  of  metal 
consists  of  the  flues,  tubes,  and  other  portions  of  the  solid  material 
of  a  boiler  which  are  exposed  to  heat ;  the  cooler  fluid  is  the  water 
in  the  boiler,  which  is  introduced  by  degrees  in  the  liquid  state  at 
a  low  temperature,  raised  to  a  higher  temperature,  and  evaporated ; 
the  hotter  fluid  is  the  stream  of  air  and  hot  gases  which  comes  from 
the  furnace,  flows  along  the  heating  surface,  and  Anally  escapes  by 
the  chinmey. 

Let  W  denote  the  weight  of  gas  given  out  by  the  furnace  in  an 
liour;  c"  its  specific  heat  at  constant  pressure;  T  —  t,  the  excess 
of  its  temperature  above  that  of  the  water  in  the  boiler  when  it  jh 
in  contact  with  some  given  portion  of  the  heating  surface,  the  area 
uf  which  portion  iB  d  s;  let  q  denote  the  rate  of  conduction  per 
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square  foot  of  surface  per  hour,  corresponding  to  the  difference  of 
temperature  T  —  t;  then 

q  d  8 

is  the  heat  transmitted  bj  the  portion  da  of  the  heating  surface 
from  the  hot  gas  to  the  water,  and 

J^'"-'^. w 

is  the  lowering  of  the  temperature  of  the  gas  by  passing  over  the 
portion  of  heating  sur£EU)e  d  s.  It  arrives  at  the  next  elementary 
portion  of  heating  surface  with  a  diminished  temperature,  and  the 
rate  of  conduction  is  therefore  diminished;  so  that  each  successive 
equal  portion  of  the  heating  sur&ce  transmits  a  less  and  a  less 
quantitj  of  heat,  until  the  hot  air  at  last  leaves  the  heating  surface 
and  escapes  up  the  chimney,  with  a  certain  remaining  excess  of 
temperature  above  that  of  Uie  water  in  the  boiler,  the  heat  corre- 
sponding to  which  excess  is  wasted. 

Let  T^  denote  the  temperature  of  the  hot  gas  when  it  first  comes 
in  contact  with  the  heating  suriaxie ;  Tj  its  temperature  when  it 
finally  leaves  the  heating  surface;  then 


the  whole  heat  expended  per  hour  is  c^  W  (Tj  —  t); 
the  heat  wasted  per  hour  &  W  ( 

the  efficiency  of  the  heating  surface, 


'(Ti-<);) 
'(T,-«);/ 


.(2.) 


1. 


.(3.) 


and  all  those  quantities  are  connected  together  by  the  equation  1, 
or  by  either  of  the  following  equations,  which  are  different  ways  of 
expressing  its  integral : — 


c'W(Tj-Tj)=/grf«j (4.) 

^    -/■^"^'T.  (5\ 


in  which  last  equation,  S  denotes  the  whole  heating  surface. 

To  represent  these  principles  graphically,  draw  A  D,  fig.  90,  to 
represent  the  whole  heating  surface  S;  and  let  any  portion  of  that 
line,  such  as  A  X,  represent  s,  a  part  of  that  8ur£ax^.  Let  the 
ordinate  A  B  =  g^,  the  rate  of  conduction  for  the  initial  tempeiu- 
ture  T^.     In  D  A  produced,  take 
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^^o-W(T,-0. 


?! 


.(6.) 


then  the  rectangle  OA 
pended  per  second. 


Fig.  90. 


A  B  will  represent  the  whole  heat  ex- 
Let  the  ordinate  X  Y  =  q  represent 
the  rate  of  conduction  corresponding  to 
the  temperature  which  the  hot  gas  has 
after  having  passed  over  the  portion 
AX  =  «  of  the  heating  surface,  and  let 
B  Y  E  be  a  curve  drawn  through  the 
summits  of  a  series  of  such  ordinates ; 
then  the  area  of  any  part  of  that  curve, 
such  as  A  B  Y  X,  represents  the  heat 
transferred  per  hour  through  the  part  8 
the  area  ABED  represents  the  heat 

and 


of  the  heating  surface; 

transferred  per  hour  through  the  whole  heating  surface  S; 
when  the  curve  B  Y  E  is  pi^uced  indefinitely,  the  area  contained 
between  it  and  its  asymptote  A  D  approximates  indefinitely  to  that 
of  the  rectangle  O  A  •  A  B. 

The  definite  results  of  these  principles  depend  on  the  relation 
between  q  and  T. 

Case  1. — If  we  assume  Peclet's  formula  (Article  219,  equation  0) 
for  the  thermal  resistance  of  the  plates,  we  find 

?  =  A(T-<)[H-B(T-0]; (7.) 

and  this  value  being  introduced  into  equation  5,  gives  for  the 
integral  of  that  equation 


S 


^W 


1  /T.— <    1+B(T2  — «)\  ,o 


) 


and  for  the  efficiency  of  the  heating  surface, 


Tj _  (*'' -  l){l+B(Ti-<)} 


T,-t 


*+(/»  — i)b(Ti  —  o 


.(9.) 


The  values  of  the  constants  A  and  B  under  different  circum- 
stances have  been  given  in  Article  219. 

The  value  of  e*"  ^  is  easily  found  by  the  help  of  a  table  of  hyper- 
bolic logarithms,  being  the  number  whose  hyperbolic  logarithm  is 

AS-Hc^W. 
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Case  2. — The  above  formula  being  too  complex  for  ready  use  in 
practice,  and  the  values  of  A  aud  B  being  uncertain  in  furnaces  at 
high  temperatures,  the  supposition  expressed  in  equations  8  and  9 
of  Article  219,  viz.,  that  the  rate  of  conduction  is  nearly  propor- 
tional to  the  square  of  the  difference  of  temperature,  has  been  tried, 
and  found  to  agree  well  with  experiment,  as  will  afterwards  be 
shown.     That  supposition  gives  as  the  integral  of  equation  5, 


c4  =  »-{^<-T;4r]}5 (10-) 


from  which  is  easily  deduced  the  following  value  of  the  efficiency 
of  the  heating  surface  : — 

T^  —  t  -S(Ti  — 0  +  ac^W ^'''^ 

This  may  be  put  into  another  form,  as  follows  : — Let  H  denote 
the  expenditure  of  heat  in  an  hour,  in  raising  the  temperature  of 
the  hot  gas  above  that  of  the  water,;  then 

T.-'  =  ,-^> 02.) 

and  making  this  substitution  in  equation  11,  we  find  for  the  effi- 
ciency of  the  surfexje, 

«  .  ac^4W2 ^^^-^ 


This  result  is  represented  graphically  by  taking,  in  fig.  90, 


A0  = 


H 


and  making  B  Y  E  a  hyperbola  of  the  second  order,  with  O  D  and 
O  C  for  its  asymptotes. 

The  values  to  be  assigned  to  the  constants  in  equation  13,  will 
be  investigated  in  Chapter  II. 

222.  €««llBg  Snrface— Sarfkce  €«ndeDniti«ii« — The  formulse  of 
the  preceding  Article,  case  1,  equations  8  and  9,  are  made  appli- 
cable to  cooling  surfaces  as  follows : — Let  t  denote  the  temperature 
of  a  film  of  liquid,  at  one  side  of  a  metal  plate;  S,  the  extent  of 
cooling  surface,  as  before  ;  let  heat  be  communicated  to  the  liquid 
at  the  temperature  t  by  some  such  process  as  the  condensation  of 
steam,  and  let  that  be  ab^racted  by  the  flow  of  a  current  of  air, 
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water,  or  other  fluid,  in  contact  with  the  metal  plate ;  the  weight 
of  fluid  which  flows  past  per  second  being  W,  its  specific  heat  </, 
its  initial  temperature  T^  being  lower  than  t,  and  its  final  tempera- 
ture Tg,  still  lower  than  t,  but  higher  than  T^.  Then  in  all  the 
equations  t  —  T^  is  to  be  substituted  for  T^  —  t,  and  t  —  Tj  for 

An  obstacle  to  the  use  of  the  formuls  as  thus  modified  is,  that 
the  constants  A  and  B  have  not  yet  been  ascertained  for  the 
"surface  condensation"  of  steam.  It  is  only  known  that  the 
convection  of  heat  by  a  vapom*  in  the  act  of  condensing  is  more 
rapid  than  by  substances  in  other  conditions;  and  that  in  certain 
particular  experiments  on  the  surface  condensation  of  steam,  certain 
results  have  been  obtained,  of  which  the  following  are  examples  : — 


Steam  con- 

Its initial  tern- 

Material  of 

densed  per 

CooUog  fluid. 

peratureT. 

plates  or 

square  foot 

Anthoritj. 

Fahr. 

tabes. 

per  boor. 
Lbe. 

Air, 

59° 

Cast  iron. 

036 

Peclet 

» 

» 

Sheet  iron, 

036 

w 

» 

» 

GIa;BS, 

035 

99 

» 

99 

Copper, 

0-28 

» 

» 

» 

Tin  plate, 

0-21 

9» 

Water, 

68°  to  77° 

Copper, 

31  5 

99 

» 

? 

)) 

lOO'O 

Joule. 

In  these  expenments,  each  pound  of  steam  may  be  esbimated  on 
an  average  as  corresponding  in  round  numbers  to  about  1,000 
British  thermal  units. 

The  rapidity  of  the  condensation  depends  mainly  on  that  of  the 
circulation  of  the  cooling  fluid  at  the  other  side  of  the  plate. 
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223.  T«Md  HcM  vf  o«Bihii«ii«ii  •£  BioHOMik — Every  chemical 
combination  is  accompanied  by  a  production  of  heat :  every  decom- 
position, by  a  disappearance  of  heat^  equal  in  amount  to  that  which 
is  produced  by  the  combination  of  the  elements  which  are  separated. 
Wlien  a  complex  chemical  action  takes  place,  in  which  various 
combinations  and  decompositions  occur  simultaneously,  the  heat 
obtained  is  the  excess  of  the  heat  produced  by  the  combinations 
above  the  heat  which  disappears  in  consequence  of  the  decomposi- 
tions. Sometimes  also,  the  heat  produced  is  subject  to  a  further 
deduction,  on  account  of  heat  which  disappears  in  melting  or 
evaporating  some  of  the  substances  which  combine,  either  before  or 
during  the  act  of  combination. 

Combustion  or  burning  is  a  rapid  chemical  combination.  The 
only  kind  of  combustion  which  is  used  to  produce  heat  for  driving 
heat  engines,  is  the  combination  of  fuel  of  different  kinds  with 
oxygen.  In  the  ordinary  sense  of  the  word  combustible,  it  means, 
capable  of  combining  rapidly  wUh  oxygen  so  as  to  produce  heat 
rapidly.  By  an  elementaa^  or  simple  substance  is  meant  one  which 
has  never  been  decomposed. 

The  chief  elementary  combustible  constituents  of  ordinary  fuel 
are  carbon  and  hydrogen.  Sulphur  is  another  combustible  consti- 
tuent of  ordinaiy  fuel;  but  its  quantity  and  its  heat-producing 
power  are  so  small,  that  its  presence  is  of  no  appreciable  value. 

Substances  combine  chemically  in  certain  proportions  only.  To 
each  of  the  substances  known  in  chemistry  a  certain  number  can  be 
assigned  called  its  " chemical  equivalent**  having  these  properties — 
I.  That  the  proportions  by  weight  in  which  substances  combine 
chemically  can  all  be  expressed  by  their  chemical  equivalents,  or 
by  simple  multiples  of  their  chemical  equivalents.  II.  That  the 
chemical  equivalent  of  a  compound  is  the  sum  of  the  chemical 
equivalents  of  its  constituents. 

Chemical  equivalents  are  sometimes  called  atomic  weights,  or 
otcww,  in  acconlance  with  the  hypothesis  that  they  are  proportional 
to  the  weights  of  the  supposed  atoms  of  bodies,  or  smallest  similar 
pa/rts  into  which  bodies  are  assumed  to  be  divisible  by  known  forces. 
The  term  alom  is  convenient  from  its  shortness^  and  can  be  used  to 
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mean  "chemical  equivalent,"  without  necessarily  affirming  or 
denying  the  hypothesis  fix)m  which  it  is  derived,  and  which,  how 
probable  soever  it  may  be,  is,  like  other  molecular  hypotheses, 
incapable  of  absolute  proof. 

The  chemical  equivalents  of  substances  in  the  perfectly  gaseous 
state  are  known  to  be  either  exactly  or  veiy  nearly  proportional  to 
their  densities  at  the  same  pressure  and  temperature,  or  simple 
multiples  or  submultiples  of  those  densities.  In  other  woixls, 
perfect  gases  at  a  given  pressure  and  temperature  combine,  either 
exactly  or  very  nearly,  in  simple  numerical  proportions  by  volume. 
The  volume  of  the  compound  also,  if  perfectly  gaseous,  bears 
always,  either  exactly  or  very  nearly,  some  simple  numerical  ratio 
to  the  volumes  of  the  constituents,  at  the  same  pressure  and  tem- 
j)erature. 

These  principles  have  already  been  illustrated  in  the  case  of  the 
composition  of  steam,  in  Article  202.    * 

The  following  are  the  chemical  equivalents,  according  to  the 
British  scale,  of  the  principal  elementary  constituents  of  fuel,  and 
of  the  atmospheric  air  from  which  the  oxygen  required  for  com- 
bustion is  derived,  together  with  the  symbols  used  in  chemical 
writings  to  denote  them,  and  their  cliemical  equivalents  by  volume 
in  the  perfectly  gaseous  state  : — 

Chemical  Chemical 

Name.  Symbol.  equivalent  by  equivalent  by 

weight  vdume. 

Oxygen, O     8     \ 

Nitrogen, N     14     i 

Hydrogen, H     i     i 

Carbon, C     6     ? 

Sulphur, S      16     1 

These  numbers  are  given  neglecting  fractions  too  small  to  be  of 
consequence  for  the  purposes  of  the  present  treatise. 

The  composition  of  a  compoimd  substance  is  indicated  in  chemi- 
cal writings,  by  affixing  to  the  symbol  of  each  element  the  num- 
ber of  its  equivalents  which  enter  into  one  equivalent  of  the 
compound. 

The  following  table  shows  the  composition  of  those  compounds 
of  the  above  elements  which  are  of  importance  to  the  purposes  of 
the  present  treatise,  either  as  furnishing  oxygen  for  combustion,  as 
entering  into  the  composition  of  ordinary  fuel,  or  as  being  produced 
by  the  combustion  of  ordinary  fuel : — 
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Symbol  of      Proportions     Chemical    Proportions    Chemical 

Name.  chemical       of  elements     equivalent    of  elements    equivalent 

/compoeitton.    bv  \reight     by  weight    by  volame.  by  volume. 

Air, N^O  K28  +  O8  36  N2  +  0^  2i 

Water, HO      Hi+08  9  Hi+0|  i 

Ammonia, ^Hj      H3  +  N14  17 

Carbonic  oxide,  CO        C6  +  08  14  C?  +  OJ  i 

Carbonic  acid,...  C  Co        C  6  +  O  16  22  C  ?  +  O  i  i 

Olefiantgas, CgH^  Ci2-hH2  14  C?  +  H2  i 

"^.^p::}     CH,       C6  +  H.         8       Cl+Hx   .   X 

The  last  two  substances  are  the  chief  ingredients  of  coal  gas. 

[There  are  numerous  other  compounds  of  hydrogen  and  carbon, 
known  generally  as  "hydro-carbons,"  and  comprising,  amongst 
other  substances,  various  fusible  and  volatile  ingredients  of  coal ; 
but  it  is  imnecessary  to  give  their  chemical  composition  in  detail] 

Sulphurous  acid, SOg         S16  +  O16         32 

Sulphui-etted  hydrogen,..     SH         S16  +  H1  17         i 

Bisulphuret  of  carbon,...     Sg  C         S  32  +  C  6  38         i 

The  French  scale  of  equivalents  differs  from  the  British,  princi- 
pally in  making  the  equivalents  of  oxygen  and  sulphur  by  weight 
double,  as  compared  with  the  equivalents  of  most  other  elements, 
and  in  taking  100  to  represent  the  equivalent  of  oxygen.  Thus 
the  symbol  for  water,  according  to  the  French  system,  is  Hg  O ; 
and  its  equivalent  (6-25  x  2)  +  100  =  112-5. . 

The  following  table  shows  the  total  heat  of  combustion  with 
oxygen  of  one  pound  of  each  of  the  elementary  substances  named  in 
it,  in  British  thermal  units,  and  also  in  lbs.  of  water  evaporated 
from  212°.  It  also  shows  the  weight  of  oxygen  required  to  com- 
bine with  each  pound  of  the  combustible  element,  and  the  weight  of 
air  necessary  in  order  to  supply  that  oxygen.  The  quantities  of 
heat  are  given  on  the  authority  of  experiments  made  by  MM.  Favre 
and  Silbermann  with  the  mei-curial  calorimeter  : — 

Lb.  oxygen  Total  heat     Evaporative 

Combustible.  per  lb.  of     Lb.  air.     i,iSl      :,-         Po^er 

combustible.  Bntish  units.     ^,^^212^ 

Hydrogen  gas, 8  36  62,032  64*2 

Carbon,  imperfectly  burned  | 

so  a^s  to  make  carbonic  >  i^  6  4)400  4'55 

oxide, j 

Carbon,  completely  burned,  \ 

so  as  to  make  carbonic  >  2|         12  14,500  15-0 

acid, j 
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It  is  to  be  observed,  that  the  imperfect  combustion  of  carbon  ^ 
making  carbonic  oxide,  produces  less  than  one-third  of  the  heat 
which  is  yielded  by  the  complete  combustion. 

224.  T«tal  Heat  •€  C«mbafla««  •f  €«Bip«aaAfc — The  following 
is  a  similar  table,  on  the  same  authority,  for  the  more  important 
compound  ingredients  of  fuel : — 

n     u     ..,  Tu  TK    •  Total  heat      Evaporative 

Combustible.  Lb.  oxygen.    Lb.  air.      British  units.     ftJ^^^jV 

Olefiant  gas,  1  lb., 3f         iSf  21,344  221 

Various  liquid  hydrocar- 


bons, 1  lb., 
Carbonic  oxide,  as  much 
as  is  made  by  the  im- 
perfect combustion  of 
1  lb.  of  carbon,  viz., 
2ilbs., 


{from  21,000    from  22 
to     19,000      to    20 


to,  1 00  io'45 


With  regard  to  the  quantities  stated  in  this  and  the  preceding 
Article  as  being  the  total  heat  of  combustion  respectively  of  carbon 
completely  burned,  carbon  imperfectly  burned,  and  carbonic  oxide, 
the  following  explanation  has  to  be  made : — 

The  burning  of  carbon  is  always  complete  at  first;  that  is  to  say, 
one  pound  of  carbon  combines  with  2|  lbs.  of  oxygen,  and  makes 
3§  lbs.  of  carbonic  acid;  and  although  the  carbon  is  solid  imme- 
diately before  the  combustion,  it  passes  during  the  combustion  into 
the  gaseous  state,  and  the  carbonic  acid  is  gaseous.  This  terminates 
the  process  when  the  layer  of  carbon  is  not  so  thick,  and  the  supply 
of  air  not  so  small,  but  that  oxygen  in  sufficient  quantity  can  get 
direct  access  to  all  the  solid  carbon.  The  quantity  of  heat  produced 
is  14,500  thermal  units  per  lb.  of  carbon,  as  already  stated. 

But  in  other  cases  part  of  the  solid  carbon  is  not  supplied  directly 
with  oxygen,  but  is  first  heated,  and  then  dissolved  into  the  gaseous 
state,  by  the  hot  carbonic  acid  gas  from  the  other  parts  of  the 
furnace.  The  3|  lbs.  of  carbonic  acid  gas  from  1  lb.  of  carbon,  are 
capable  of  dissolving  an  additional  lb.  of  carbon,  making  4|  lbs.  of 
carbonic  oxide  gas;  and  the  volume  of  this  gas  is  double  of  that  of 
the  carbonic  acid  gas  which  pi'oduces  it.  In  this  case,  the  heat 
produced,  instead  of  being  that  due  to  the  complete  combustion  of 

1  lb.  of  carbon,  or 14,500 

falls  to  the  amount  due  to  the  imperfect  combustion  of  2 

lbs.  of  carbon,  or 2  x  4,400  =   8,800 


Showing  a  loss  of  heat  to  the  amount  of. 5,7oo 

which  dSsappears  in  volatilizing  the  second  pound  of  carbon.   Should 
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the  process  stop  here,  as  it  does  in  furnaces  ill  supplied  with  air, 
the  waste  of  fuel  is  very  great  But  when  the  4|  lbs.  of  carbonic 
oxide  gas,  containing  2  lbs.  of  cai-bon,  is  mixed  with  a  sufficient 
supply  of  fresh  air,  it  bums  with  a  blue  flame,  combining  with  an 
additional  2|  lbs.  of  oxygen,  making  7^  lbs.  of  carbonic  acid  gas, 
and  giving  additional  heat  of  double  the  amount  due  to  the  com- 
bustion of  1 J  lb.  of  carbonic  oxide ;  that  is  to  say, 

I O,  I  CO  X   2  =  20,20O 

to  which  being  added  the  heat  produced  by  the  impeifect 

combustion  of  2  lbs.  of  carbon,  or 8,8oo 

there  is  obtained  the  heat  due  to  the  complete  combustion 

of  2  lbs.  of  carbon,  or 2  x  i4>5oo  =  29,000 

If  the  total  heat  of  combustion  of  olefiant  gas  be  compared  with 

that  of  its  constituents  taken  separately,  the  result  is  as  follows : — 

-  lb.  carbon;  14,500  x  ^ =  12,430 

-  lb.  hydrogen;  62,032  x  = =   8,862 


Total  heat  of  combustion  of  1  lb.  of  olefiant  gas  as 
computed  by  adding  together  the  quantities  of 
heat  produced  by  the  combustion  of  its  consti- 
tuents separately, 

As  found  by  direct  experiment, 21,344 


21,292 


The  difference, 52 

is  within  the  limits  of  errors  of  observation. 

Similar  comparisons,  for  other  hydrocarbons,  give  the  same 
result  From  these  facts  it  is  concluded,  that  t^ie  total  heat  of 
cojiibustion  of  cmy  comvpofwnd  of  hydrogen  wnd  cmrhm  is  the  sum  of 
tJie  quantities  of  Iieat  which  the  hydrogen  and  carbon  contained  in  U 
vxmtd  produce  sepa/raidy  by  their  combustion. 

In  computing  by  this  rule  the  total  heat  of  combustion  of  a  com- 
pound, it  is  convenient  to  substitute  for  the  hydrogen  a  quantity  of 
carbon  which  would  give  the  same  quantity  of  heat;  and  this  is 
done  by  multiplying  the  weight  of  hydrogen  by 

^^^53^=4-28. 
14,500 

It  appears  from  experiments  by  Dulong,  by  M.  Despretz,  and 
others,  that  in  computing  the  total  heat  of  combustion  of  com- 
pounds containing  oxygen  as  well  as  hydrogen  and  carbon,  the 
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following  principle  is  to  be  observed: — When  hydrogen  and  oxygen 
exist  in  a  compotmd  in  the  proper  proportion  to  form  waJLer  (that  is, 
by  weight,  very  nearly,  one  part  of  hydi^ogen  to  eight  of  oxygen), 
these  constituents  have  no  effect  on  the  total  hisat  of  cmnbustion, 
•  It  follows,  that  if  hydrogen  exists  in  a  greater  proportion  than  is 
necessary  in  order  to  form  water  with  the  oxygen,  only  the  sfwrpLus 
of  hydrogen  above  tliat  which  is  required  by  the  oxygen  is  to  be 
taken  into  account. 

From  the  preceding  principles  is  deduced  the  following  general 
formula  for  the  total  heat  of  combustion  of  any  compoimd  of  which 
the  principal  constituents  are  carbon,  hydrogen,  and  oxygen: — 

Let  C,  H,  and  O,  be  the  fractions  of  one  pound  of  the  compound 
which  consists  respectively  of  carbon,  hydrogen,  and  oxygen;  the 
remainder  being  nitrogen,  ash,  and  other  impurities. 

Let  h  be  the  total  heat  of  combustion  of  one  pound  of  the  com- 
pound, in  British  thermal  units.     Then 

h  =  14,500  {  C  +  4-28  (h  -^)  | (1.) 

Let  E  denote  the  theoretical  evaporative  power  of  one  pound  of  the 
compound,  in  pounds  of  water  evaporated  firom  and  at  212**.    Then 

^=4  =  i^{<^-K=r9} (2.) 

It  has  already  been  stated,  that  the  values  adopted  in  this  treatise 
for  the  total  heat  of  combustion  of  carbon  and  of  hydrogen  are  taken 
from  the  experiments  of  MM.  Favre  and  Silbermann. 

In  the  case  of  hydrogen,  the  results  of  these  experiments  agree 
very  closely  with  those  of  the  experiments  of  Dulong  {Gomptes 
Rendus,  voL  vii),  the  total  heat  of  combustion  of  one  pound  of 
hydrogen  being. 

According  to  Favre  and  Silbermsmn, 62,032  British  units. 

According  to  the  mean  of  Dulong's  ex-  )  ^        , 
periments, /  ^^>^^^       " 

In  the  case  of  carbon,  the  agreement  amongst  different  experi- 
menters is  less  close.  The  following  is  a  comparison  of  some  of 
the  results  given  by  them : — 

Dulong  (mean), 12,906 

Despretz, 14,040 

Favre  and  Silbermann, 147500 

The  result  arrived  at  by  MM.  Favre  and  Silbermann  is  adopted 
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in  this  treatise,  because  it  was  obtained  by  means  of  the  mercurial 
calorimeter — an  instrument  from  which  great  accuracy  may  be 
expected — and  because  amongst  a  number  of  different  results  as  to 
total  heat  of  combustion,  the  highest  is  on  the  whole  the  most 
likely  to  be  correct,  most  of  the  errors  being  caused  by  losses  of  heat. 

225.  Kia^  and  Ingredients  ef  Fnei« — ^The  ingredients  of  every 
kind  of  fuel  commonly  used  may  be  thus  classed : — 

(I.)  Fixed  or  free  carbon,  which  is  left  in  the  form  of  charcoal  or 
coke  after  the  volatile  ingredients  of  the  fuel  have  been  distilled 
away.  This  ingredient  bums  either  wholly  in  the  solid  state,  or 
}iart  in  the  solid  state  and  part  in  the  gaseous  state,  the  latter  part 
being  first  dissolved  by  previously  formed  carbonic  acid,  as  already 
explained. 

(II.)  Hydrocarbons,  such  as  olefiant  gas,  pitch,  tar,  naphtha,  kc,, 
all  of  which  must  pass  into  the  gaseous  state  before  being  burned. 

If  mixed  on  their  first  issuing  from  amongst  the  burning  carbon 
with  a  large  quantity  of  air,  these  inflammable  gases  are  completely 
burned  with  a  transparent  blue  flame,  producing  carbonic  acid  and 
steam.  When  raised  to  a  red  heat,  or  thereabouts,  before  being 
mixed  with  a  sufficient  quantity  of  air  for  perfect  combustion,  they 
disengage  carbon  in  fine  powder,  and  paas  to  the  condition  partly 
of  marsh  gas,  and  partly  of  free  hydrogen ;  and  the  higher  the 
temperature,  the  greater  is  the  proportion  of  carbon  thus  disen- 
gaged. 

If  the  disengaged  carbon  is  cooled  below  the  temperature  of 
ignition  before  coming  in  contact  with  oxygen,  it  constitutes,  while 
floating  in  the  gas,  smoke,  and  when  deposited  on  solid  bodies,  soot. 

But  if  the  disengaged  carbon  is  maintained  at  the  temperature 
of  ignition,  and  suppHed  with  oxygen  sufficient  for  its  combustion, 
it  bums  while  floating  in  the  inflammable  gas,  and  forms  red, 
YELLOW,  or  WHITE  FLAME.  The  flame  from  fuel  is  the  larger,  the 
more  slowly  its  combustion  is  eflfected. 

(III.)  Oxygen  and  hydrogen  either  actually  forming  water,  or 
existing  in  combination  with  the  other  constituents  in  the  propor- 
tions which  form  water.  According  to  a  principle  already  stated, 
such  quantities  of  oxygen  and  hydrogen  are  to  be  left  out  of  account 
in  determining  the  heat  generated  by  the  combustion.  If  the 
quantity  of  water  actiially  or  virtually  present  in  each  pound  of 
ftiel  is  so  great  as  to  make  its  latent  heat  of  evaporation  worth 
considering,  that  heat  is  to  be  deducted  from  the  total  heat  of  com- 
bustion of  the  ftiel. 

The  presence  of  water,  or  its  constituents,  in  fuel,  promotes  the 
formation  of  smoke,  or  of  the  carbonaceous  flame,  which  is  ignited 
smoke,  as  the  case  may  be,  probably  by  mechanically  sweeping 
along  fine  particles  of  carbon. 
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(IV.)  Nib'ogenj  either  free  or  in  combination  with  other  consti- 
tuents.    This  substance  is  simply  inert 

(V.)  Svlphwret  of  iron,  which  exists  in  coal,  and  is  detrimental, 
as  tending  to  cause  spontaneous  combustion. 

(VI.)  Other  mineral  compounds  of  various  kinds,  which  are  also 
inert,  and  form  the  ash  leA  after  complete  combustion  of  the  fuel, 
and  also  the  clinker,  or  glassy  material  produced  by  fusion  of  the 
ash,  which  tends  to  choke  the  grate. 

226.  KiMd*  •€  Wmth — The  Hnds  of  fuel  in  common  use  may  be 
thus  classed:— I.  Charcoal;  II.  Coke;  III.  Coal;  IV.  Peat;  V. 
Wood. 

I.  Charcoal  is  made  by  evaporating  the  volatile  constituents  of 
wood  and  peat,  either  by  a  partial  combustion  of  a  conical  heap  of 
the  material  to  be  charred,  covered  with  a  layer  of  earth,  or  by  the 
combustion  of  a  separate  portion  of  fuel  in  a  furnace,  in  which  are 
placed  retorts  containing  the  material  to  be  charred. 

According  to  Peclet,  100  parts  by  weight  of  wood  when  charred 
in  a  heap,  yield  from  17  to  22  parts  by  weight  of  charcoal,  and 
when  charred  in  a  retort,  from  28  to  30  jiarts. 

This  has  reference  to  the  ordinary  condition  of  the  wood  used  in 
charcoal  making,  in  which  25  parts  in  100  consist  of  moisture.  Of 
the  remaining  75  parts,  the  carbon  amounts  to  one-half,  or  37^  per 
cent,  of  the  gross  weight  of  the  wood.  Hence  it  appears  that  on 
an  average  nearly  half  of  the  carbon  in  the  wood  is  lost  during  the 
|)artial  combustion  in  a  heap,  and  about  one  quarter  dmnng  the 
distillation  in  a  retort 

To  char  100  parts  by  weight  of  wood  in  a  retort,  12i  parts  of 
wood  must  be  burned  in  the  furnace.  Hence  in  this  process,  the 
whole  expenditure  of  wood  to  produce  from  28  to  30  parts  of  char- 
coal, is  112^  parts;  so  that  if  the  weight  of  chareoal  obtained  is 
compared  with  the  whole  weight  of  wood  expended,  its  amount  is 
from  25  to  27  per  cent. ;  and  the  proportion  of  carbon  lost  is  on  an 
average  lU  ^  37 J  =  0-3  nearly. 

According  to  Peclet,  good  wood  charcoal  contains  about  0-07  of 
its  weight  of  asL  The  proportion  of  ash  in  peat  charcoal  is  very 
variable,  and  is  estimated  on  an  average  at  about  0*18. 

II.  Coke  is  the  solid  material  left  after  evaporating  the  volatile 
ingredients  of  coal,  either  by  means  of  partial  combustion  in 
furnaces  called  coke  ovens,  or  by  distillation  in  the  retorts  of  gas- 
works. 

Coke  made  in  ovens  is  preferred  to  gas  coke  as  fuel  It  is  of  a 
dark  grey  colour,  with  slightly  metallic  lustre,  porous,  brittle,  and 
hard. 

The  proportion  of  coke  yielded  by  a  given  weight  of  coal  is  very 
different  for  different  kinds  of  coal,  ranging  from  0*9  to  0*35. 
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Coke  contains  from  0*06  to  0-18  of  its  weight  of  ash,  the  re- 
mainder being  carbon. 

Being  of  a  porous  texture,  it  readily  attracts  and  retains  water 
from  the  atmosphere;  and  sometimes,  if  it  is  kept  without  proper 
shelter,  fit)m  0-15  to  0-20  of  its  gross  weight  consists  of  moisture. 

III.  Coal, — ^The  extreme  differences  in  the  chemical  composition 
and  properties  of  different  kinds  of  coal  are  very  great;  but  the 
number  of  those  kinds  is  veiy  great,  and  the  gradations  of  their 
differences  are  small. 

The  proportion  of  free  carbon  in  coal  ranges  frx>m  30  to  93  per 
cent.;  that  of  hydrocarbons  of  various  kinds  from  5  to  58  per 
cent. ;  that  of  water,  or  oxygen  and  hydrogen  in  the  proportions 
which  form  water,  from  an  inappreciably  small  quantity  to  27  per 
cent. ;  that  of  ash,  from  1^  to  26  per  cent. 

The  numerous  varieties  of  coal  may  be  divided  into  principal 
classes  as  follows : — 

1.  Anthracite  or  blind  coal. 

2.  Dry  bituminous  coal. 

3.  Caking  coaL 

4.  Long  flaming  or  cannel  coaL 

5.  Lignite  or  broima.coaL 

(1.)  ArUhrticite  or  hIiTid  coal  consists  almost  entirely  of  free 
carbon.  It  has  a  colour  intermediate  between  jet  black  and  the 
greyish-black  of  plimibago,  and  a  lustre  approacMng  to  metallic. 

Its  specific  gravity  is  from  1*4  to  1'6,  that  of  water  being  1. 

It  bums  without  smoke,  and,  when  dry,  without  flame  also ;  but 
the  presence  of  moisture  in  it  produces  small  yellowish  flames,  in 
the  manner  explained  in  Article  225. 

It  requires  a  high  temperature,  and  in  general  a  blast  produced  by 
mechanism,  for  its  combustion.  If  suddenly  heated,  it  splits  into 
small  pieces,  which  are  liable  to  fall  through  the  grate  bars  of  the 
furnace  and  be  lost.  In  furnaces  where  it  is  used,  therefore,  each 
fresh  portion  should  be  gradually  heated  before  being  ignited. 

(2.)  Dry  hitwmmoua  coal  contains  on  an  average  fix)m  70  to  80 
per  cent  of  fi-ee  carbon,  about  5  per  cent  of  hydrogen,  and  4  per 
cent  of  oxygen ;  so  that  ^\  per  cent  of  hydrogen  is  available  to 
produce  heat  This  hydi'ogen  exists  in  combination  with  part  of 
the  carbon.  Such  coal  bums  with  a  moderate  amoimt  of  flame, 
and  little  or  no  smoke.  Its  average  specific  gravity  is  about 
1-3. 

(3.)  BUwnmous  cakmg  coal  contains  on  an  average  from  50  to  00 
per  cent  of  free  carbon,  and  about  equal  weights  of  hydrogen  and 
oxygen,  amounting  to  frt)m  10  to  12  per  cent,  of  its  weight  It 
softens  when  exposed  to  heat,  and  pieces  of  it  adhere  together.  It 
produces  more  flame  than  dry  bituminous  coal,  and  also  produces 
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smoke,  unless  that  is  prevented  by  special  means.     Its  average 
specific  gravity  is  about  1  '25, 

(4.)  Long  flaming  coal  differs  from  the  last  variety  chiefly  in  con- 
taining more  oxygen.  In  some  examples  it  softens  and  cakes  in 
the  fire;  in  others  not.  It  requires  special  means  for  the  preven- 
tion of  smoke. 

(5.)  Brawn  coal,  or  lignite,  is  found  in  more  recent  strata  than 
any  of  the  preceding  kinds.  It  is  intermediate  in  appearance  and 
pi-operties  between  them  and  peat.  It  contains  on  an  average  from 
27  to  50  per  cent,  of  free  carbon,  about  5  per  cent,  of  hydrogen, 
and  20  per  cent,  of  oxygen.    Its  specific  gravity  is  from  1  -20  to  1  •25, 

With  i-espect  to  the  different  kinds  of  coal,  M.  Peclet  makes 
a  remark  to  the  effect,  that  the  caking  bituminous  coals  pass 
to  the  dry  coals  and  to  anthracite  by  diminution  of  their  oxygen 
and  hydrogen,  and  to  the  long  flaming  coals  and  lignites  by  the 
augmentation  of  their  oxygen. 

From  the  specific  gravities  already  stated,  it  appears  that  a  cubic 
foot  of  solid  coal  weighs  from  70  to  90  lbs.;  but  coal  in  pieces, 
such  as  are  commonly  used  for  feeding  furnaces,  including  the 
spaces  between  the  pieces,  occupies  from  lA  to  lA  times  the  space 
that  the  same  coal  fills  in  a  continuous  mass ;  so  that  the  average 
weight  of  coals,  including  the  space  between  the  pieces,  is  about  52 
lbs.  per  cubic  foot  In  a  few  eicamples  it  is  as  high  as  56  or  60  lbs. 
to  the  cubic  foot 

IV.  Peat,  or  turf,  as  usually  dried  in  the  air,  contains  from  25  to 
30  per  cent,  of  water,  which  must  be  allowed  for  in  estimating  its 
heat  of  combustion.  This  water  having  been  evaporated,  the 
analysis  of  M.  Begnault  gives,  in  100  parts  of  perfectly  dry  peat  of 
the  best  quality — 

Carbon, 58 

Hydrogen, 6 

Oxygen, 31 

Ash, 5 


100 


In  some  other  examples  of  peat,  the  quantity  of  ash  is  greater, 
amounting  to  7  and  sometimes  to  1 1  per  cent. 

The  specific  gravity  of  peat  in  its  ordinary  state  is  about  0*4  or 
0'5.    It  can  be  compressed  by  machinery  to  a  much  greater  density. 

V.  Woody  when  newly  felled,  contains  a  proportion  of  moisture 
which  vaiies  very  much  in  different  kinds  and  in  different  speci- 
mens, ranging  between  30  and  50  per  cent,  and  being  on  an 
average  about  40  per  cent  After  eight  or  twelve  months'  ordinary 
drying  in  the  air,  the  proportion  of  moisture  is  from  20  to  25  per 
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certt.  This  degree  of  dryness,  or  almost  perfect  dr3naiess  if  required, 
can  be  produced  by  a  few  days'  drying  in  an  oven  supplied  with  air 
at  about  240"  Falurenheit.  When  coal  or  coke  is  used  as  the  fuel 
for  that  oven,  1  lb.  of  fuel  suffices  to  expel  about  3  lbs.  of  moisture 
from  the  wood.  This  is  the  result  of  experiments  on  a  large  scale 
by  Mr.  J.  R.  Napier.  If  air-dried  wood  were  used  as  fuel  for  the 
oven,  from  2  to  2^  lbs.  of  wood  would  probably  be  required  to 
produce  the  same  effect. 

The  specific  gravity  of  different  kinds  of  wood  ranges  from  0*3 
to  1-2. 

Perfectly  dry  wood  contains  about  60  per  cent,  of  carbon,  the 
remainder  consisting  almost  entirely  of  oxygen  and  hydrogen  in  the 
proportions  which  form  water.  The  coniferous  fisimily  contain  a 
small  quantity  of  turpentine,  which  is  a  hydrocarbon.  The  pro- 
portion of  ash  in  wood  is  from  1  to  5  per  cent.  The  total  heat  of 
combustion  of  all  kinds  of  wood,  when  dry,  is  almost  exactly  the 
same,  and  is  that  due  to  the  50  per  cent  of  carbon. 

227.  The  T«t«l  Heat  ef  CeMbaaaeii  of  fuel  is  computed  from  its 
chemical  composition,  according  to  the  principles  explained  in 
Articles  223,  224,  and  225.  The  following  table  gives  the  results 
of  such  computations,  founded  chiefly  on  the  analyses  of  M.  Reg- 
nault.  Dr.  Playfair,  and  Professor  Richardson.  The  numerous 
kinds  of  fuel  of  which  analyses  have  appeared  have  been  classed  in 
groups,  and  the  average  chemical  composition  of  each  group  com- 
puted. By  tins  process  have  been  obtained  the  proportions  of 
carbon,  hydrogen,  and  oxygen,  given  in  the  columns  hauled  C,  H, 
and  O,  respectively. 

The  column  headed  C  shows  the  weight  of  pure  carbon  whose 
total  heat  of  combustion  would  be  the  same  with  that  of  the  fuel, 
as  given  by  the  formula 


C  =  C  +  4-^ 


(-?)• 


E  =  15  C  is  the  theoretical  evaporative  power  in  pounds  of  water 
supplied  and  evaporated  at  212^  by  one  pound  of  fueL 

h  =  14500  C  is  the  total  heat  of  combustion  in  pounds  of  water 
raised  one  degree  of  Fahrenheit. 

Each  kind  of  fuel  is  supposed  to  be  perfectly  dry,  unless  other- 
wise specified : — 
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Table  op  the  Total  Heat  of  Combustion  of  Fuel. 


Fuel. 

C. 

H. 

0. 

C. 

E, 

h 

I.  Chabooal —   ) 
from  wood,  j 

0-93 

0-93 

14 

13500 

„    from  peat, 

0-80 

12 

1 1 600 

II.  Coke — ^good,... 

0-94 

0-94 

M 

13620 

„  middling, 

0-88 

0-88 

13-2 

12760 

„  l>ad, 

0-82 

0-82 

12-3 

1 1890 

III.   COAIr- 

1.  Anthracite,... 

0-915 

0-035 

0-026 

I -05 

1575 

15225 

2.  Dry   bitu>  ) 
minous,....  j 

0-90 

004 

0-02 

I -06 

15-9 

15370 

3'       99            »» 

0-87 

0-04 

0-03 

I  025 

154 

14860 

^*      M           >» 

o-8o 

0-054 

o-ot6 

I  02 

15-3 

14790 

*>•         99     ^          W 

077 

0-05 

0-06 

095 

14-25 

13775 

6.  Cakinfif 

0-88 

0052 
0-052 
0-056 

0-052 

0-054 
0-04 

1075 

I-OT 

16-0 

15837 
14645 
15080 

13195 

7.       „     

o-8i 

1515 
15-6 

13-65 

8.  Cannel, 

0-84 
077 

o-o8 

ro4 
0-9T 

9.  Dry    long ) 
flaming,....  j 

015 

10.  Lignite, 

070 

0-05 

0-20 

o-8i 

12-15 

"745 

IV.  Peat— dry,... 

0-58 

0-06 

0-31 

0-66 

1 0-0 

9660 

„  contain- 1 

ing25perc.  > 

7-25 

7000 

moisture, ...  j 

V.  Wood— dry,... 

0-50 

0-50 

7-5 

7245 

„  contain- 1 

ing  20  per  c.  > 

5-8 

5600 

moisture, ...  j 

With  respect  to  the  examples  of  coal  given  in  this  table,  it  is  to 
Ue  observed  that  they  are  all  of  good  qmlity,  as  it  has  never  been 
the  practice  to  submit  bad  coals  to  chemists  for  analysis  It  may 
be  estimated,  that  the  total  heat  of  combustion  of  the  worst  coal  in 
a  given  coal  field  is  about  two-thirds  of  that  of  the  best,  the  differ- 
ence arising  chiefly  from  the  proportion  of  earthy  matter. 

228.  Radiatiow  tewm  Faei.  —  The  proportion  which  the  heat 
radiated  from  incandescent  fuel  bears  to  the  total  heat  of  combus- 
tion has  been  determined  for  some  kinds  of  fuel  by  the  experiments 
of  M.  Peclet,  with  the  following  results : — 

From  wood, 0*29 

From  charcoal  and  peat, 0-5 
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From  coal  and  coke  M.  Peclet  considers  that  the  radiation  must 
be  greater  than  from  charcoal,  although  he  has  not  ascertained  it 
precisely. 

The  practical  conclusion  to  be  drawn  from  this  fact  is,  that  the 
radiation  fr^m  the  friel  in  the  furnace  of  a  heat  engine  ought  to  be 
carefully  inteixsepted  in  every  direction,  in  such  a  manner  that  the 
heat  diffused  by  it  may  be  commimicated  either  directly  or  indi- 
I'ectly  to  the  substance  to  be  heated.  The  means  used  for  effecting 
this  are  various.  One  of  the  simplest  is  to  have  the  furnace  wholly 
contained  in  a  flue  or  fire  box  inside  the  boiler.  Another  is,  to 
surroimd  all  those  parts  of  the  frimace  whose  radiation  is  not 
directly  intercepted  by  the  boiler,  with  brickwork  so  thick  as  not 
to  admit  of  any  material  loss  of  heat  by  conduction.  The  resistance 
to  conduction  is  greatly  increased  by  having  two,  or  three,  successive 
layers  of  brickwork  with  air  spaces  between,  such  spaces  being 
completely  closed,  in  order  that  the  air  in  them  may  not  circulate. 
Two  such  layers  of  fire-brick,  the  inner  9  inches  thick,  the  outer  4^, 
with  an  air  space  3  inches  thick  between  them,  have  been  found 
to  answer  in  practice.  The  great  resistance  of  this  coating  to  the 
transmission  of  heat  causes  the  inner  surface  of  the  inner  layer, 
which  directly  receives  the  radiation  of  the  fire,  to  rise  to  a  white 
heat,  or  nearly  so,  and  almost  the  whole  of  the  heat  which  it 
receives  is,  because  of  that  high  temperature  and  the  rapid  circula- 
tion of  the  furnace  gases  over  it,  carried  off  by  those  gases,  and 
made  available  for  communication  to  the  boiler. 

The  heat  which  is  radiated  down  between  the  grate  bars  is 
intercepted  by  the  sides  and  floor  of  the  ash  pit,  and  carried  back 
to  the  furnace  by  the  air  which  enters  through  the  ash  pit 

To  prevent  loss  by  radiation  and  conduction  through  the  frirnace 
door,  the  simplest  plan  is  that  used  by  Mr.  Williams  and  others,  of 
making  it  of  two  layers  of  cast  iron  plates,  with  an  air  space 
between.  The  plates  are  usually  perforated  with  small  holes  for 
the  admission  of  air  to  bum  the  gaseous  ingredients  of  fuel,  and 
care  is  to  be  taken  to  place  no  two  of  those  holes  opposite  each 
other.  Thus  the  heat  which  is  radiated  through  the  holes  in  the 
inner  plate  is  intercepted  by  the  outer  plate.  The  greater  part  of 
the  heat  thus  received  by  the  plates  is  carried  back  into  the  frimace 
by  the  entering  stream  of  air.  To  intercept  the  heat  and  give  it 
out  to  the  entering  air  more  completely,  a  series  of  sheets  of  wire 
gauze  have  sometimes  been  interposed  between  the  outer  and  inner 
surfaces  of  a  perforated  furnace  door. 

The  most  complete  apparatus  for  intercepting  the  heat  radiated 
to  the  furnace  door  is  that  of  Mr.  Prideaux,  which  consists  of  three 
gratings,  each  made  of  a  series  of  thin  iron  plates  set  edgeways,  with 
narrow  passages  between  them  for  the  entering  stream  of  air.    The 
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radiant  heat  is  completely  intercepted  by  placing  two  of  those  sets 
of  plates  with  opposite  obliquities,  and  the  third  parallel  to  the 
sides  of  the  furnace  mouth-piece. 

229.  Air  required  f«r  Comb«sU«n  and  l^UatlMi. — ^The  number  of 
pounds  of  air  required  in  order  to  supply  the  oxygen  necessary  for 
the  combustion  of  one  pound  of  any  sort  of  fuel  whose  chemical 
composition  is  known,  may  be  computed  by  the  aid  of  the  data 
given  in  Article  223,  at  the  foot  of  page  269. 

To  express  that  weight  symbolically,  let  it  be  denoted  by  A ; 
then,  C,  H,  and  O,  having  the  same  meanings  as  before, 


A=12C+36  (h-~). 


(1) 


The  following  are  a  few  of  the  results : 


Fuel. 

I.  Chakcoal— from  wood, ... 
„            from  peat, 

C. 

o*93 

o-8o 

094 

0-915 

0-87 

0-85 

0-75 
0-84 
0-77 
0-70 
0-58 
0-50 

H. 

0-035 

0-05 

0-05 

0-05 

006 

0-05 

0-05 

006 

0. 

0-026 

0-04 

o-o6 

0-05 

0-08 

015 

0-20 
031 

A. 

ii-i6 
9-6 
11-28 
12-13 
12-06 

ii'73 

10-58 

11-88 

10-32 

9.30 

768 

6-00 

Ill  Coal — anthracite, 

„        dry  bituminous, 
cakinfiT. 

„                 x^Mia^ug, •• 

i>                  >9        • 

cannel 

„        dry  long  flaming, 
licmite 

IV.  Peat — dry, 

V.  Wood — dry, 

It  is  tmnecessary  for  practical  purposes  to  compute  the  air 
required  for  the  combustion  of  fuel  to  a  great  degree  of  exactness ; 
and  no  material  error  is  produced  if  the  air  required  for  the  com- 
bustion of  every  kind  of  coal  and  coke  used  for  fiurnaces  is  estimated 
at  tioelve  pounds  per  potmd  of  fud. 

Besides  the  air  required  to  furnish  the  oxygen  necessary  for  the 
complete  combustion  of  the  fuel,  it  is  also  necessary  to  furnish  an 
additional  quantity  of  air  for  the  dUiUion  of  the  gaseous  products 
of  combuition,  which  would  otherwise  prevent  the  free  access  of  air 
to  the  fuel. 

The  more  minute  the  division,  and  the  greater  the  velocity  with 
which  the  air  rushes  amongst  the  fiiel,  the  smaller  is  the  additional 
quantity  of  air  required  for  dilution. 

From  the  various  experiments,  especially  those  made  for  the 
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American  government  by  Mr.  Johnson,  it  appears  that  in  ordinaiy 
boiler  furnaces,  where  the  draught  is  produced  hj  means  of  a 
chimney,  the  weight  of  air  required  for  dilution  is  equal  to  that 
required  for  combustion;  so  that  if  A'  denotes  the  total  weight  of 
air  to  be  supplied  to  the  furnace  per  lb.  of  fuel, 

A'  =  2  A  =  24  lbs.  nearly (2.) 

But  in  furnaces  where  the  draught  is  produced  by  means  of  a 
blast  pipe,  like  those  of  locomotive  engines,  or  by  means  of  a  fan, 
the  quantity  of  air  required  for  dilution,  although  it  has  not  yet 
been  exactly  ascertained,  is  certainly  much  less  than  that  which  is 
required  in  furnaces  with  chimney  draughts;  and  there  is  reason 
to  believe  that  on  an  average  it  may  be  estimated  at  about  one-half 
of  the  air  required  for  combustion;  so  that  in  this  case, 

A'  =  I  A  =  18  lbs.  nearly (3.) 

This  estimate  is  roughly  made ;  but  it  is  the  nearest  approxima- 
tion at  present  attainable.  It  is  probable  that  the  supply  of  air 
required  for  dilution  varies  considerably  in  different  arrangements 
of  furnace,  and  for  different  kinds  of  l^el ;  and  it  is  possible,  that 
by  blowing  the  air  for  combustion  into  a  furnace  in  small  enough 
jets,  and  with  sufficient  force,  air  for  dilution  might  be  rendered 
imnecessaiy,  so  that  A'  would  be  =  A. 

An  insufficient  supply  of  air  causes  imperfect  combustion  of  the 
fuel,  which  in  bituminous  coal  is  indicated  by  the  production  of 
smoke,  and  in  coke  and  blind  coal  by  the  discharge  of  carbonic 
oxide  gas  from  the  chimney.  That  gas  is  transparent  and  in- 
visible; but  its  presence  maybe  detected  by  the  blue  or  purple 
flame  with  which  it  bums  when  ignited  in  contact  with  fresh  air. 

An  excessive  supply  of  air  causes  waste  of  heat  to  the  amount 
corresponding  to  the  weight  of  air  in  excess  of  that  which  is 
necessary,  and  to  the  elevation  of  the  temperature  at  which  it  is 
discharged  from  the  chimney  above  that  of  the  external  air. 

230.  Disiriimtion  of  F«el  and  Air. — In  btu-ning  charcoal,  coke, 
and  coals  which  contain  a  small  pro[M)rtion  only  of  hydrocarbons,  a 
supply  of  air  sufficient  for  complete  combustion  will  enter  from 
the  ash  pit  through  the  bars  of  the  grate,  provided  there  is  a  suffi- 
cient draught,  and  that  care  is  taken  to  distribute  the  fresh  fuel 
evenly  over  the  fire,  and  in  moderate  quantities  at  a  time,  so  that 
the  thickness  of  the  layer  of  burning  fuel  shall  never  differ  much 
from  ten  or  twelve  inches. 

To  insure  the  complete  combustion  of  highly  bituminous  coal, 
other  means  have  to  be  adopted.     That  invented  by  Watt  was  the 
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use  of  a  dead  plate;  that  is,  a  horizontal  or  slightly  inclined  plate 
at  the  mouth  of  the  furnace,  without  perforations,  on  which  each 
fresh  charge  of  coal  is  laid,  until  the  hydrocarbons  are  volatilized 
and  expelled  by  the  radiant  heat  of  the  fire.  The  layer  of  burning 
fuel  on  the  grate  being  thin  at  the  time  when  a  fresh  charge  is 
needed,  more  air  passes  through  it  from  the  ash  pit  than  is  neces- 
sary for  its  own  combustion,  and  the  surplus  serves  to  bum  the 
inflammable  gas  as  it  passes  above  the  grate.  When  the  coal  on 
the  dead  plate  has  been  reduced  to  coke,  it  is  pushed  inwards  and 
spread  over  the  fire.  The  success  of  this  process  depends  wholly 
on  the  care  and  skill  of  the  fireman.  It  is  useful  not  only  to  pro- 
mote complete  combustion,  but  to  prevent  the  clogging  of  the  bars 
by  caking  coaL 

In  burning  anthracite,  a  dead  plate  is  useful  for  a  different 
purpose,  viz.,  to  heat  the  fuel  gradually;  because  sudden  heating 
makes  it  fly  into  small  pieces,  which  drop  through  the  bars  into 
the  ash  pit,  and  are  partly  wasted. 

In  the  double  furnace  with  alternate  firing,  introduced  by  Mr. 
Fairbairn,  the  gas  distilled  from  the  fresh  fuel  in  one  of  a  pair  of 
furnaces  is  burned  by  the  excess  of  air  which  passes  through  the 
red  coke  on  the  grate  of  the  other  furnace. 

Another  mode  of  ins\iring  the  complete  combustion  of  the 
volatile  parts  of  the  coal  is  one  of  which  various  forms  have 
been  invented  by  Mr.  C.  W.  Williams,  Mr.  Prideaux,  Mr.  Clark, 
and  others,  and  consists  in  admitting  air  above  the  fuel  to  bum  the 
gas,  and  below  it  to  bum  the  coke. 

Mr.  Williams  admits  air  at  a  constant  rate  through  perforations 
in  a  double  door  and  double  front.  In  the  latest  practical  examples, 
the  total  area  of  these  perforations  is  A  of  the  area  of  the  grate, 
when  25  lbs.  of  coal  are  burned  per  hour  on  the  square  foot  of 
grate;  that  is,  when  the  area  of  the  grate  in  square  feet  is  tt  of 
the  number  of  lbs.  of  coal  burned  per  hour,  the  joint  area  of  the 
air  holes  is  tw  of  the  same  number. 

Mr.  Prideaux  uses  a  self-acting  apparatus  for  the  admission  of 
air,  like  a  Venetian  blind,  which  is  opened  when  fresh  coal  is 
supplied,  and  which  gradually  closes  as  the  gas  of  the  fresh  fuel 
becomes  exhausted.  The  object  of  this  is  to  supply  enough  of  air 
at  the  time  when  it  is  needed,  and  to  prevent  an  excessive  supply 
at  other  times.  Mr.  D.  K.  Clark,  by  steam  jets,  blows  in  jets  of 
air  through  holes  immediately  above  the  fuel. 

According  to  a  method  which  seems  to  have  been  first  used  in 
America,  a  fan  blower  blows  air  through  two  sets  of  nozzles,  one 
opening  into  the  ash  pit,  which  is  closed  in  front,  and  the  other 
into  the  furnace,  immediately  above  the  fuel. 

Mr.  Gorman  opens  and  closes  the  front  of  the  ash  pit,  and  the 
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air  holes  in  the  front  of  the  furnaces,  alternately,  so  that  the  com- 
bustion of  the  gas  from  the  fresh  fuel,  and  of  the  coke  left  after  its 
expulsion,  take  place  alternately. 

Dr.  Marsh  supplies  the  whole  of  the  air  for  burning  the  coke  as 
well  as  the  gas,  by  jets  directed  downwards  on  the  fuel  from  above. 

Incomplete  combustion  of  fuel  is  often  caused  by  the  chilling 
and  extinguishing  of  flame  through  contact  with  the  surface  of  the 
boiler,  before  the  combustion  is  completed.  This  is  in  some 
furnaces  prevented  by  completing  the  combustion  in  fire-brick 
chambers  or  passages.  For  example,  in  the  furnaces  introduced 
by  Mr.  Charles  Tennant  &  Company,  the  combustion  is  com- 
pleted in  an  arched  brick  oven  or  reverberatoiy  furnace,  before  the 
hot  gas  comes  in  contact  with  any  part  of  the  boiler.  The  sides 
and  roof  of  that  oven  consist  of  two  layers  of  fire-brick  with  a 
closed  air  space  between,  as  already  described  in  Article  228. 

In  many  i^imaces  the  principles  of  the  various  contrivances 
beforementioned  are  combined;  thus  double  furDaces  are  used 
with  air  holes  in  the  front,  and  with  fire-brick  combustion  cham- 
bers. The  coal  burning  locomotive  furnaces  of  various  inventors 
are  of  this  class.  Various  furnaces  have  been  used,  such  as 
Juckes's,  in  which  the  fuel  is  supplied  at  an  uniform  rate  by 
mechanism. 

In  the  apparatus  known  by  the  name  of  the  "  Systlme  Beau- 
fum6,**  a  partial  combustion  of  the  fuel  is  effected  in  a  furnace 
surrounded  by  a  water  chamber,  and  supplied  by  a  fan  with  just 
enough  of  air  to  form  (xprbonic  oxide  with  the  whole  of  the  free 
carbon,  and  volatilize  the  whole  of  the  hydrocarbons,  so  that  the 
whole  of  the  fuel  is  gasefied  except  the  ash.  The  mixture  of  car- 
bonic oxide  and  hydrocarbon  gases  thus  produced  is  conducted  by 
a  pipe  to  a  combustion  chamber,  where,  by  the  introduction  of  jets 
of  air  of  sufficient  volume,  it  is  completely  burned. 

If  smoke  is  mixed  with  carbonic  acid  gas  at  a  red  heat,  the  solid 
carbonaceous  particles  are  dissolved  in  the  gas,  and  carbonic  oxide 
is  produced.  This  is  the  mode  of  operation  of  contrivances  for 
destroying  smoke  by  keeping  it  at  a  high  temperature,  without 
providing  a  sufficient  supply  of  air;  and  the  result  is  a  waste, 
instead  of  a  saving  of  fuel. 

The  details  of  the  construction  of  various  furnaces  will  be  further 
considered  in  a  subsequent  chapter. 

231.  TemFeraiare  of  Fire. — By  the  tempercUvre  of  the  fire  is  here 
understood  the  temperature  of  the  products  of  combustion,  and  the 
air  with  which  they  are  mixed,  at  the  instant  that  the  combustion 
is  complete.  The  elevation  of  that  temperature  above  the  tempera- 
ture at  which  the  air  and  fuel  are  supplied  to  the  furnace  may  be 
computed,  by  dividing  the  total  heat  of  combustion  of  one  lb.  of 
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fuel  by  the  weight  and  by  the  specific  heat  of  the  whole  products 
of  its  combustion,  and  of  the  air  employed  for  their  dilution,  under 
constant  pressure. 

The  specific  heat,  under  constant  pressure, 

Of  carbonic  acid  gas  is o'21'j 

Of  steam, 0'475 

Of  nitrogen  (probably), 0*245 

Of  air, 0*238 

Of  ashes,  probably  about 0*200 

By  using  these  data,  the  following  results  are  obtained  for  the 
two  extreme  cases  of  pure  *carhon  and  olefiarU  gas,  burned  respec- 
tively in  air  :* — 

Fuel, Cakboh.  Olbfiaxt  Gas. 

Total  heat  of  combustion  per  lb. , 1 4 , 500         2 1 ,300 

"Weight. of  products  of  combustion  in  )  ,,  ,       ,, 

air,  undHuted, /  '3  Abs.  10*43  lbs. 

Their  mean  specific  heat, 0*237         0*257 

Specific  heat  X  weight, 3*08  4*22 

Elevation  of  temperature  if  undiluted,  4580®  5050'' 

IfdUvted  wUh  air^-x  air /or  combustion — 

Weight  per  lb.  of  fuel, 19  24*2 

Mean  specific  heat, 0*237  0*25 

Specific  heat  X  weight, 4*51  606 

Elevation  of  temperature, 3215°  35i5° 

If  diluted  vnih  air  =  air  for  combustion — 

Weight  per  lb.  of  fuel, 25  3i'86 

Mean  specific  heat, 0*238  0*248 

Specific  heat  X  weight, 5*94  7*9 

Elevation  of  temperature, 2440^  2710° 

It  appears  from  these  calculations  that  the  mean  specific  heat  of 
the  products  of  combustion  of  furnaces  differs  very  little  from  that 
of  air  when  they  are  \mdiluted,  and  still  less  when  they  are  diluted 
with  air. 

232.  Bate  of  CombwMioit. — The  weight  of  fuel  which  can  be 
burned  in  a  given  time  in  a  given  furnace  depends  on  the  draug/U, 
or  quantity  of  air,  which  is  made  to  pass  through  that  furnace  in  a 
given  time,  and  may  be  computed  by  dividing  the  weight  of  that 

*  These  calcalations  are  made  according  to  the  same  principles  with  those  of 
Mr.  Prideaux  in  hU  treatise  on  Economy  of  Fuel^  Section  V^L;  bat  there  are  some 
differences  in  the  data,  especially  as  to  the  specific  heat  of  steam,  which  lead  to 
differences  (though  not  great  ones)  in  the  numerical  results. 
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air  by  the  proportion  which  that  weight  bears  to  the  weight  of  fuel 
which  it  can  completely  bum,  according  to  the  principles  of  Article 
.  229. 

The  rate  of  combustion  of  coal  in  a  furnace  is  usually  stated  in 
pounds  per  hotir,  burned  on  each  squa/re  foot  of  graJbe,  The  follow- 
ing are  examples : — 

I.  With  Chimney  Draught. 

Lb».  per 
sqnare  foot 
per  hour. 

1.  The  slowest  rate  of  combustion  in  .Cornish  boilers,  4 

2.  Ordinary  rate  in  these  boilers, 10 

3.  Ordinary  rates  in  factory  boilers, 12  tK>  16 

4.  Ordinary  rates  in  marine  boilers, 16  to  24 

5.  Quickest  rates  of  complete  combustion  of  dry  \ 

coal,  the  supply  of  air  coining  through  the  >     20  to  23 
grate  only, ) 

6.  Quickest  rates  of  complete  combustion  of  cak-  \ 

ing  coal,  with  air  holes  above  the  fuel  to  the  >     24  to  27 
extent  of  vV  area  of  grate, ) 

II.  With  Draught  Produced  by  Blast  Pipe  or  Fan. 

7.  Locomotives, 40  to  120 

233.  i»m«glit  of  Fnnaccs.  —  The  draught  of  a  furnace,  or 
quantity  of  mixed  gas  which  it  discharges  in  a  given  time,  may  be 
estimated  either  by  weight  or  by  volume;  or  it  may  be  expressed 
by  means  of  the  velocity  of  the  current  at  some  particular  point ; 
or  by  the  pressure  required  to  produce  that  cuiTent 

When  either  the  whole  or  part  of  the  oxygen  in  a  given  weight 
of  air,  at  a  given  temperature,  combines  with  carbon  so  as  to  form 
carbonic  acid,  the  volume  of  the  mixed  gas  produced  is  the  same 
with  the  original  volume  of  the  air;  and  the  density  is  increased 
simply  in  the  ratio  of  the  sum  of  the  weights  of  the  air  and  of  the 
carbon  to  the  weight  of  the  air. 

When  the  whole  or  part  of  the  oxygen  of  a  given  weight  of  air 
combines  with  hydrogen  so  as  to  form  steam,  the  volume  of  the 
mixed  gas  produced  is  greater  than  the  original  volume  of  the  air 
by  an  amount  equal  to  one-half  of  the  volume  of  the  hydrogen 
taken  up. 

But  the  hydrogen  in  ordinary  fuel  bears  so  small  a  proportion  to 
the  whole  weight,  that  in  calculations  for  practical  purposes,  the 
volume  at  any  given  temperature  of  the  gas  which  a  furnace  dis- 
chai'ges  may  be  treated  without  sensible  error  as  being  equal  to  the 
volume  at  the  same  temperature  of  the  air  with  which  it  is  supplied. 
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The  variations  of  density  produced  by  deviations  of  the  pressure 
of  the  furnace  gas  from  the  mean  atmospheric  pressure  may  also 
be  neglected  in  practice;  so  that  its  volume  at  32°  FahrenJieit  may 
be  estimated  approximately  at  12|  cubic  feet  for  each  lb.  of  air 
supplied  to  the  furnace ;  or,  if  the  supply  of  air  be 

Volume  at  32®  per 
lb.  of  fuel. 

12  lbs.  per  lb.  of  fuel, 150  cubic  feet. 

18         „  „         225         „ 

24        „  „         300        „ 

The  volume  at  any  other  tempei-ature  T  is 

V  =  volume  at  32°  x  "^  4930"°'^  =  V.  -^^ (1.) 

The  following  are  some  of  the  results : — 

Supply  of  air  in  lbs.  per  lb.  of  fuel. 
12  18  24 

Temperature.     Volume  of  gases  per  lb.  of  fuel  la  cubic  fieet. 

4640°  1551 

3275"*  1 136  1704 

2500°  906  1359  181 2 

1832°  697  1046  1395 

1472°  588  882  1 176 

1112°  479  718              957 

752^  369  553  738 

572°  314  471  628 

392^  259  389  519 

212°  205  307  409 

104°  172  258  344 

68°  161  24T  322 

32**  150  225  300 

Let  to  denote  the  weight  of  fuel  burned  in  a  given  furnace  per 
second; 

Vq,  the  volume  at  32°  of  the  air  supplied  per  lb.  of  fuel ; 

r|,  the  absolute  temperature  of  the  gas  discharged  by  the  chimney ; 

A,  the  sectional  area  of  the  chimney;  then  the  velocity  of  the 
current  in  the  chimney  in  feet  per  second  is 

«=^^ '^> 

and  the  density  of  that  current,  in  lbs.  to  the  cubic  foot,  is  very 
nearly 
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D  =  ^*^(o-0807  +  ij; (3.) 

that  is  to  say,  horn  0-084  to  0087  Xr^-r-  r 

Let  I  denote  the  whole  length  of  the  chimney,  and  of  the  flue 
leading  to  it,  in  feet; 

m,  its  "  hydraulic  mean  depth,*'  that  is,  its  area  divided  by  its 
perimeter  (see  Article  99^ ;  which,  for  a  square  or  round  flue  and 
chimney,  is  one  quarter  oi  the  diameter; 

/,  a  co-efficient  of  friction,  whose  value  for  currents  of  gas  moving 
over  sooty  surfaces  is  estimated  by  Peclet  at  0-012; 

G,  a  fiEkctor  of  resistance  for  the  passage  of  the  air  through  the 
grate  and  the  layer  of  fuel  above  it,  whose  value,  according  to  the 
experiments  of  Peclet  on  furnaces  burning  from  20  to  24  lbs.  of 
coal  per  square  foot  of  grate,  is  12. 

Then,  according  to  a  formula  of  Peclet,  confirmed  by  pi-actical 
experience,  the  ''  head  "  required  to  produce  the  draught  in  question 
is  given  by  the  equation 

»=S('+<'+s-- w 

which,  with  the  values  assigned  by  Peclet  to  the  constants,  becomes 

-^(-+«-^') (-. 

It  appears  that  in  using  this  formula,  a  conical  or  pyramidal 
chimney  may,  without  sensible  error,  be  treated  as  if  it  were 
cylindrical  or  prismatic,  with  an  unifonn  sectional  area  equal  to 
that  of  the  opening  at  the  top. 

The  same  formida  enables  the  velocity  w  to  be  computed  when 
the  head  h  is  given;  and  then,  by  means  of  the  equation 

^=  y-T' ^^-^ 

the  weight  of  fuel  which  the  furnace  is  capable  of  completely  burn- 
ing per  hour  can  be  computed. 

The  head  h  is  expressed  in  feet' in  height  of  a  column  of  the  1u>t  gas 
in  the  chimney.  It  may  be  converted  into  an  equivalent  pressure  in 
pounds  on  the  aqvuvre  footy  by  multiplying  as  follows  by  the  density 
of  that  gas  as  given  by  equation  3 : — 


p  =  AD  =  A^^(o-0807  +  ^; (6.) 
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and  this  again  may  be  convei-ted  into  any  other  convenient  unit  of 
pressure,  by  multiplying  by  a  suitable  factor,  such  as  those  in 
Article  107,  page  110. 

An  unit  of  head  very  commonly  employed  is  an  inch  of  water; 
siphon  water  gauges,  graduated  into  inches  and  decimals,  being 
used  to  indicate  the  difference  of  pressure  within  and  without  a 

flue.     For  this  unit  the  multiplier  is  ^       .  =  0*192;  that  is  to  5?ay, 

Head  in  inches  of  water  =  0-192^  =  0-192  h  ^  (o-0807  +  y-Y  (7.) 

The  head  may  be  produced  in  three  ways — 
I.  By  the  draught  of  a  chimney. 
II.  By  a  blast  pipe. 

III.  By  a  fan  or  other  blowing  machine. 

I.  The  head  produced  by  the  draught  of  a  chimney  is  equivalent 
to  the  excess  of  the  weight  of  a  vertical  column  of  cool  air  outside 
the  chimney,  and  of  the  same  height,  above  that  of  a  vertical  column 
of  equal  base,  of  the  hot  gas  within  the  chimney;  and  when 
expressed  in  feet  of  hot  gas,  it  is  found  by  computing  the  weight  of 
a  column  of  the  cool  external  air  as  high  as  the  top  of  the  chimney 
is  above  the  grate  and  one  foot  square  in  the  base,  dividing  by  the 
weight  of  a  cubic  foot  of  the  hot  gas  for  the  height  of  an  equivalent 
column  of  hot  gas,  and  subtracting  the  former  height  firom  the 
latter. 

Thus,  let  H  denote  the  height  of  the  chimney,  and  Tj  the  absolute 
temperature  of  the  external  air  (=  Tg  +  461® '2),  then 

H-l»  (0-080:) 

-;(0O807+l)  ^        ^*       ^ 

H  =  A-(o-96^i-l) (9.) 

Equation  9  serves  to  calculate  the  height  of  the  chimney  required 
in  order  to  produce  a  given  draught 

For  a  given  external  temperature,  there  is  a  certain  temperatui-e 
within  the  chimney  which  produces  the  most  effective  draught ; 
that  is,  the  maximum  weight  of  hot  gas  discharged  per  second. 
That  temperature  is  found  as  follows : — 

The  velocity  of  the  gas  in  the  chimney  is  proportional  to  J  h; 
and  therefore  to  J  (0-96  t^  —  t^). 
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The  density  of  that  gas  is  proportional  to  ~ 


The  weight  discharged  per  second  is  proportional  to  velocity  X 
density,  and,  therefore,  to  ^ ^^^""  '  ;  which  expression  be- 
comes a  maximum  when 


'■i 


^^=0^6=2*^- ^- ^''-^ 

therefore,  the  beH  chinmef/'draughi  takes  place  when  the  ahaolute 
tem/perabu/re  of  the  gas  in  the  chimney  is  to  thai  of  the  external  air  as 
25  to  12. 

When  this  condition  is  fulfilled,  we  have  evidently 

A  =  H; (11.) 

that  is,  the  head  for  the  best  chimTiei/'draught,  expressed  in  hot 
gaSj  is  equal  to  the  height  of  the  chirryMy;  and  it  is  also  obvious, 
that  the  density  of  the  hot  gas  is  one-half  of  that  of  the  external  air. 

Suppose,  for  example,  that  the  temperature  of  the  external  air 
on  the  ordinaiy  scale  is 50''  Fahr. 

then  its  absolute  temperature  i& 511*2 

the  absolute  temperature  within  the  chimney,  to  give 
the  best  draught,  is 2^  X  511*2  =  1065*0 

corresponding  on  the  ordinary  scale  to 603-8 

being  a  little  below  the  temperature  of  melting  lead.  It  may  be 
laid  down  as  a  practical  rule,  that  to  insure  the  best  possible  drauglU 
through  a  given  dwmiMy^  the  temper  aJbare  of  the  hot  gas  in  the  chimney 
should  be  nearly,  but  not  qidtCy  sufficient  to  mdt  lead. 

As  the  proper  allowance  of  air  for  a  chimney-draught  is  24  lbs. 
to  each  lb.  of  fuel,  the  volume,  at  that  temperature,  of  the  hot  gas 
discharged  by  the  chimney,  is  about  650  cubic  feet  per  lb.  of  fuel, 
or  26  cubic  feet  per  lb.  of  the  hot  gas  itself. 

When  the  temperature  in  a  chimney  is  found  to  be  above  this 
limit,  it  is  to  be  reduced,  not  by  admitting  cold  air  to  dilute  the 
hot  gas,  but  by  employing  the  surplus  heat  for  some  useful  purpose, 
such' as  heating  or  evaporating  water. 

So  long  as  the  draught  in  a  chimney  is  sufficient  to  bum  the 
requisite  quantity  of  fuel  in  the  furnace,  the  temperature  in  the. 
chimney  may  often  be  reduced  with  advantage  considerably  bdow 
that  corresponding  to  the  most  effective  draught,  provided  the  heat 
abstracted  from  the  hot  gas  is  usefully  employed ;  but  it  is  never 
advantageous  to  raise  the  temperature  in  llie  chimney  above  that 
limit. 

IL  The  head  produced  by  a  bloH  pipe  is  equivalent  to  that  part 

u 
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of  the  atmospheric  pTeasure  which  is  balanced  by  means  of  the 
impact  of  the  jet  of  steam  against  the  column  of  gas  in  the  chimney. 
Its  amount  and  effect  will  be  considered  in  a  subsequent  chapter. 

III.  The  work  which  a  fan  or  other  blowing  machine  must  per- 
form in  a  given  time  in  blowing  air  into  a  furnace  so  as  to  produce 
a  given  head,  is  found  by  multiplying  the  preasv/re  equivalent  to 
that  head,  in  pounds  on  the  square  foot  {p,  equation  6),  into  the 
number  of  cubic  feet  of  air  blown  in,  taken  at  the  temperature  at 
which  it  quits  the  blowing  machine.  Let  r^  be  that  temperature 
on  the  absolute  scale  (being  equal  to,  or  higher  than  r^  that  of  the 
external  air,  as  the  case  may  be);  then  the  net  or  ttsefid  work  of 
the  blowing  machine  per  second  is 

p,'^Jo^^^Y^'^h(0'08m  +  ^) (12.) 

The  ffross  power  or  energy  required  to  drive  a  blowing  &n  i» 
greater  than  the  useful  work  in  a  proporlion  which  varies  much 
in  different  aftchines,  and  is  very  uncertain.  In  some  recent 
experiments,  as  nearly  as  it  could  be  ascertained,  the  indicated 
power  exerted  by  two  steam  engines  driving  &ns  through  long 
trains  of  shafting,  pulleys,  and  belts,  appeared  in  each  case  to  be 
about  double  of  the  useful  effect 

234.  ATiOfaibto  Heat  mt  CJMibMltoB— BMclmi«r  •t  FanMe. — 
The  cwaUable  heat  of  combustion  of  one  pound  of  a  given  sort  of 
fuel,  is  that  part  of  the  total  heat  of  combustion  which  is  com- 
municated to  the  body  to  heat  which  the  fuel  is  burned;  for 
example,  to  the  water  in  a  steam  boiler;  and  the  efficiency  of  a 
given  furnace,  for  a  given  sort  of  fuel,  is  the  proportion  whidi  the 
available  heat  bears  to  the  total  heat,  when  ihe  given  sort  of  fuel  is 
bunied  in  the  given  furnace. 

The  word  "  furnace "  is  here  to  be  understood  to  comprehend, 
not  merely  the  chamber  in  which  the  combustion  takes  place,  but 
the  whole  apparatus  for  burning  the  fuel  and  transferring  heat  to 
the  body  to  be  heated,  including  ash  pit,  air  holes,  flame  chamber, 
flues,  tubes,  and  heating  surface  of  every  kind,  and  chimney. 

The  same  kind  of  furnace  may  be  more  efficient  for  one  sort  of 
fuel  than  for  another;  and  it  may  also  be  more  or  less  efficient  for 
the  same  sort  of  fuel,  according  to  the  i^ay  in  which  the  combustion 
is  managed. 

The  available  heat  falls  short  of  the  total  heat  from  several 
causes,  of  which  the  principal  are  the  f<^lowing: — 

I.  Waste  of  Unbwmt  Fud  in  the  Solid  StcUc^ThiB  generally 
arises  from  brittleness  of  the  fuel,  combined  with  want  of  care 
in  the  stoker;  by  which  causes  the  fuel  is  made  to  fisill  into  small 
pieces,  which  escape  between  the  grate  bars  into  the  ash  pit. 
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Majij  of  the  mosib  valuable  kinds  of  ooal,  such  as  the  diy  steam 
coals,  are  brittle.  The  waste  of  such  coals  in  the  solid  state  is  to 
be  prevented  by  the  following  means : — (1.)  They  are  to  be  thrown 
evenly  and  uniformly  over  the  fire  with  the  shovel,  so  that  there 
shall  be  no  occasion  to  disturb  them  after  they  are  first  thrown  in. 
(2.)  The  fire  is  not  to  be  stirred  from  above;  and  the  grate  bars 
are  to  be  cleared  when  required,  by  a  hook  or  slice  from  below. 
(3.)  The  ashes  are  to  be  riddled  firom  time  to  time,  and  the 
small  coal  or  cinders  contained  amongst  them  thrown  upon  the 
fires. 

It  is  impossible  to  estimate  the  greatest  amount  of  this  kind  of 

waste  which  may  arise  &om  careless  .firing;  but  the  amount  which 

is  unavoidable  with  good  firing  has  in  some  cases  been  ascertained 

by  experiment,  and  found  to  range  from  nothing,  up  to  about  2^ 

.  per  cent. 

II.  The  Waste  of  Unbumt  Fuel  in  the  Oaeeoue  amd  Smoky  States, 
and  the  means  of  preventing  that  waste,  by  a  sufficient  supply  and 
proper  distribution  of  air,  have  been  stated  in  the  preceding 
Artidea 

The  greatest  probable  amount  of  that  waste,  when  the  absence  of 
any  provision  for  introducing  air  to  bum  the  inflammable  gases  is 
combined  with  bad  firing,  may  be  estimated  by  taking  the  propor- 
tion in  which  the  total  heat  of  combustion  of  the  coke  or  &ced 
carbon  contained  in  one  pound  of  the  coal  is  less  than  the  total 
heat  of  combustion  of  all  the  constituents  of  one  pound  of  the 
coaL 

When  the  firing  is  conducted  with  caie,  but  the  supply  of  air 
insufficient,  the  waste  may  be  estimated  by  treating  the  hydrogen 
as  ineJSective;  that  is,  by  taking  the  proportion  in  which  the  heat 
due  to  the  toAo^  of  the  carbon  in  the  coal  is  less  than  the  heat  due 
to  the  carbon  and  to  the  hydrogen  in  excess  of  that  required  to 
form  water  with  the  oxygen  in  the  coaL  This  method  of  calcula- 
tion proceeds  on  the  supposition,  that  the  whole  of  the  hydrocarbons 
are  decomposed  into  carbon  and  hydn^en  by  the  heat,  that  the> 
carbon  is  completely  burnt,  and  that  the  hydrogen  escapes  unbumt. 
That  supposition  appears  to  represent  with  an  approach  to  accuracy 
the  state  of  things  in  good  ordinary  steam  boiler  furnaces  which 
have  no  special  provision  for  distributing  air  amongst  the  inflam- 
mable gases;  for  the  result  of  experience  with  such  furnaces  is,  that 
the  relative  values  of  coak  consumed  in  them  are  nearly  propor- 
tional to  the  quantities  of  carbon  contained  in  those  coala 

It  appears,  then,  that  there  are  two  degrees  of  waste  from  imper- 
fect combustion  oi  the  gas  and  smoke  from  one  pound  of  bituminous 
coal,  which,  as  reduced  to  egjmaletd  weigJUi  of  carbon,  may  be 
expressed  as  follows :— 
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Waste  redneed 
to  carbon. 


(-?)• 


.s(H-»). 


(=-§> 


(1.)  Insufficient  air,  but  good  firing,  the  sur- )        ^  ^ 

plus  hydrogen  wasted, J      ^  ^ 

(2.)  Very  insufficient  air,  and  bad  firing;  all ' 

the  hydrocarbons  wasted.    If  the  hydrogen 

and  carbon  in  these  are  combined  in  the 

same  proportion  as  in  marsh  gas  (Hg  C) ; 

then  for  every  lb.  of  hydrogen  wasted,  3 

lbs.  of  carbon  are  wasted  also;  giving  as 

the  total  waste  reduced  to  carbon, 

If  the  hydrogen  and  carbon  are  combined  in 

the   same   proportion  as  in   olefiant  gas 

(Hj  Co),  then  for  every  lb.  of  hydrogen  J-   10-28 

wasted^  6  lbs.  of  carbon  are  wasted  also; 

giving  as  the  total  waste  reduced  to  carbon, 
and  for  intermediate  proportions,  intermediate 

quantities  are  wasted. 

IIL  Waste  hy  External  Radiation  amd  Conduction. — ^The  waste 
by  direct  radiation  from  burning  coal  through  an  open  fire  door  may 
be  approximately  estimated  according  to  the  principles  of  Article 
228,  by  assuming,  in  the  first  place,  the  heat  directly  radiated  from 
the  fiiel  to  be  one-half  of  the  total  heat  of  combustion ;  next,  con- 
ceiving the  surface  of  the  burning  mass  to  be  divided  into  several 
small  equal  parts,  from  each  of  which  an  equal  share  of  the  heat 
radiates;  then,  finding  what  fraction  of  the  surface  of  a  sphere  de- 
scribed about  one  of  those  parts  is  subtended  by  the  opening  throu^ 
which  the  radiation  takes  place,  and  multiplying  the  share  of  heat 
radiated  from  the  part  of  the  fuel  in  question  by  that  fraction ; 
and,  lastly,  adding  together  the  products  so  found  for  the  several 
parts  of  the  burning  fuel  The  loss  by  conduction  through  the 
solid  boundaries  of  the  furnace  might  be  estimated  from  their  area, 
their  material,  their  thickness,  their  thermal  resistance,  and  the 
difference  of  the  temperatures  within  and  without  the  fiimace,  by 
the  principles  of  Article  219. 

In  well  planned  and  well  constructed  frimaces,  however,  those 
losses  of  heat  should  be  practically  inappreciable;  and  the  general 
nature  of  the  means  of  making  them  so  has  been  stated  in  Article 
228. 

lY.  Waste  or  Loss  of  Heal  in  the  Hot  Oas  which  Escapes  hy  the 
Gkmmey, — Consideiing  that  the  temperature  of  the  fire,  in  a  fui> 
naoe  with  a  draught-  produced  by  a  chimney,  and  supplied  with  24 
Ibei  of  air  per  lb.  of  fuel,  is  about  2400°  Fshr,  above  the  tempera- 
ture of  the  external  air,  and  that  the  temperature  of  the  hot  gas  in 
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the  chimney,  in  order  to  produce  the  best  possible  draught,  should 
be  about  600^  aboye  the  temperature  of  the  external  air,  it  appears, 
that  under  no  circumstances  can  it  be  necessary  to  expend  more 
than  on^fouaih  of  the  total  heat  of  combustion  for  the  purpose  of 
producing  a  draught  by  means  of  a  chimney.  By  making  the 
chimney  of  large  enough  dimensions  as  compared  with  the  grate,  a 
much  less  expenditure  of  heat  than  this  may  be  made  to  pioduce  a 
draught  sufficient  for  the  rate  of  combustion  in  the  furnace. 

li^en  the  draught  is  produced  by  means  of  a  blast  pipe,  or  of  a 
blowing  machine,  no  elevation  of  temperature  above  that  of  the 
external  air  is  necessary  in  the  chinmey;  therefore,  furnaces  in 
which  the  draught  is  so  produced  are  capable  of  greater  economy 
than  those  in  which  the  draught  is  produced  by  means  of  a  chimney. 

It  appears  further,  as  has  already  been  stated,  that  with  a  forced 
draught  there  is  less  air  required  for  dilution,  consequently  a  higher 
temperature  of  the  fire,  consequently  a  more  rapid  conduction  of 
heat  through  the  heating  sur&ce,  consequently  a  better  economy  of 
heat  than  there  is  with  a  chimney-draught. 

The  proportion  of  the  whole  heat  which  is  lost  with  the  gas 
discharged  by  the  chinmey  depends  mainly  on  the  efficiency  of  the 
heating  ev/rface,  which  has  already  been  considered  in  Article  221. 

Beferring  to  equation  13,  in  case  2  of  that  Article,  let  E  denote 
the  theoretical  evaporative  power,  and  E'  the  available  evaporative 
power,  of  one  lb.  of  a  given  sort  of  fuel,  in  a  boiler  furnace  in  which 
the  area  of  heating  siuface  is  S.     Then 

E=^*     _^ac'4W4 ^^-^ 

S  +  — g— 

Where  B  is  a  fractional  multiplier,  to  allow  for  miscellaneous  losses 
of  heat,  whose  value  is  to  be  found  by  experiment. 

Now  d^  W^  is  proportional  nearly  to  F*  VJ,  where  F  is  the 
number  of  lbs.  of  fuel  burnt  in  the  furnace  in  a  given  time,  and 
Vq,  as  in  a  former  Article,  the  volume  at  32^  of  tiie  air  supplied 
per  lb.  of  fuel     Also,  H  oc  F  x  &  constant. 

Hence  it  may  be  expected,  that  the  efficiency  of  a  furnace  will 
be  expressed  to  an  approximate  d^ree  of  accuracy,  by  the  follow- 
ing formula : — 

1      S  +  AF' ^    ^ 

in  which  A  is  a  constant,  which  is  to  be  found  empirically,  and  is 

^  This  formnla,  and  most  of  the  examples  which  follow  it,  were  first  published  in 
a  paper  read  to  the  Institution  of  £nghieen  in  Scotland,  on  tlie  20th  of  April,  1859. 
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probably  propotidonal  approximate! j  to  the  square  of  the  quantity 
of  air  supplied  per  lb.  of  fuel 

It  is  customary  and  convenient  to  refer  Tuioiu  dimensions  and 
quantities  relating  to  a  furnace  to  the  aqua/re  foci  of  grate;  there- 
fore S  may  be  taken  to  represent  the  number  of  square  feet  of 
heating  sui&ce,  and  F  the  number  of  lbs.  of  fuel  burnt  per  hour, 
per  Bqwvrefoot  of  grate. 

The  foUowing  are  the  Talues  of  the  constants  B  and  A  irhich 
have  been  found  to  agree  best  with  experiment,  so  far  as  the 
practical  performance  of  boilers  has  hitherto  been  compared  with 
the  formula : — 

Boiler  Class  I.  T3ie  convection  taking  place  in  the 
best  manner  (see  Article  220),  either  by  introduc- 
ing the  -water  at  the  coolest  part  of  the  boiler,  and 
making  it  travel  gradually  to  the  hottest  (as  in 
Lord  Dundonald's  boiler),  or  by  heating  the  feed- 
water  in  a  set  of  tubes  in  the  uptake;  the  draught  B  A 
produced  by  a  chimney, i      0*5 

Boiler  Class  II.  Ordinary  convection,  and  chimney 

draught, H      0-5 

Boiler  Class  IIL  Best  convection,  and  forced  draught,     i      0*3 

Boiler  Class  lY.    Ordinary  convectian,  and  forced 
draught, /. H      0*3 

When  there  i&  a  feed- water  heater,  its  sur&oe  should  be  mduded 
in  computing  S;  and  the  surfece  of  tubes  surrounded  by  water  is 
to  be  measured  outside. 

The  formula  is  of  course  not  intended  to  supersede  experiments 
and  practical  trials,  nor  to  give  results  as  accurate  and  satisfectoiy 
as  such  experiments  and  trials,  but  to  Ornish  a  convenient  means 
of  estimating  approximately  the  evaporative  power  of  fuel  in  pro- 
posed boilers,  and  the  comparative  efficiency  of  different  boilera 

The  formula  is  framed  on  the  supposition  that  the  admission  of  air 
and  the  management  of  the  fire  are  such,  that  no  appreciable  loss 
occurs,  either  from  imperfect  combustion  or  fi'om  excess  of  air,  the 
construction  and  proportions  of  the  fnmace,  and  the  mode  of  using 
it,  being  the  best  possible  for  each  kind  of  coaL 

If  desired,  the  effect  of  imperfect  combustion  and  bad  firing  may 
be  estimated  in  the  manner  described  in  Division  IIL  of  this 
Article,  and  that  of  an  excess  of  air  by  increasing  A  in  proportion 
to  the  square  of  the  quantity  of  air  supplied. 

The  following  are  examples  of  efficiency  calculated  by  means  of 
the  formula : — 
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E' 

W 

8 

FordaasofboUer 

F* 

I. 

II. 

III. 

IV. 

O'l 

ot6 

015 

0-25 

0'22 

0-25 

033 

0-31 

0-46 

0*43 

0-6 

0-50 

0-46 

0-62 

0-59 

075 

©•6o 

0-56 

071 

0-68 

i*o 

0-66 

o-6i 

077 

073 

125 

071 

0-65 

o-8i 

077 

1-5 

075 

©•69 

0-83 

079 

2-0 

o-8o 

073 

0-87 

0-83 

2-5 

0-83 

076 

089 

0-85 

3.0 

0-86 

079 

0-91 

0-86 

60 

0*92 

0-84 

0-95 

0-90 

9-0 

o"95 

0-87 

0-97 

0-92 

The  following  ore  particular  cases : — 

I.  North  country  coal — 

boiler  with  feed-water  heater,  and  chimney-draught  j  or  Glass  I. — 

K  =  15-5  X  0-8  =  12-4 

This  agrees  closely  with  the  results  of  the  experiments  at  New- 
castle on  £resh  coal,  both  by  the  Newcastle  committee,  and  by  the 
Admiralty  reporters. 

II.  Same  ooal,  same  boiler  without  heater — 


S=^  =  35;F  =  27. 


Boiler  Gkss  U.— 

F  =  15-5  X  0-66  =  10-23. 

This  nearly  agrees  with  an  expeiiment  made  by  the  Admiralty 
reporters  at  Newcastle,  in  which  the  result  was  10*54. 
III.  Same  coal — 

Ss=:2dj  F  =  25;  noheater. 

Boiler  Class  IL— 

E'=15-5x0'61=9-5. 
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This  applies  to  seyeial  ordinary  marine  boilers. 
IV.  Locomotive  boiler,  Class  IV. — 

Coke,  E=  say  14-1;  8  =  60;  F  =  56. 

E'  =  U-1  X  -74  =  10-43  from  212^ 

JSquivalent  evaporation  from  62"^  at  329^, 

10-43 


1-2 


:8-69. 


The  above  proportions  of  S  and  F  are  computed  frx>m  a  formula 
of  Mr.  D.  K.  Clark,  as  being  suitable  to  insure  an  evaporative 
power  of  9,  from  62**  at  329**.     The  difference  is  only  A. 

V.  Locomotive  boiler,  Class  IV.  (mean  of  Mr.  D.  KL  Clark's 
experiments,  Nos.  38,  39,  40,  41,.  42)-- 

E  =  sayl4-1;  S  =  83;  F  =  65J; 

E  =  141  X  -77  =  10-86  from  212« ; 

Equivalent  evaporation  from  62°  at  329^, 

Mean  result  of  experiments, 8-72 


Difference, 0-33 

VI.  Locomotive  boiler,  Class  IV.  (mean  of  Mr.  D.  EL  Clark's 
experiments,  Nos.  48,  49,  50,  51,  53)—- 

E=  say  14-1;  S  =  66-4;  F  =  56-2; 
E  =  14-1  X  -76  =  10-72  from  212° ; 
Equivalent  evaporation  from  62°  at  329°, 

Mean  result  of  experiments, 8*75 

Difference, 018 

VII.  Locomotive  boiler.  Class  IV.  (Mr.  D.  K.  Clark's  experi- 
ment. No.  55',  mean  of  10  trips) — 

E  =  sayl4-1;  S  =  57;  F  =  44; 
E'  :=  14-1  X  -77  =  10-86  fix)m  212°. 
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Equivalent  evaporation  from  62*  at  329°, 
Eesult  of  experiments, 9*00 


Difference, 005 

Vin.  Locomotive  boiler,  Glass  IV.  (Mr.  D.  EL  Clark's  experi- 
ment. No.  61,  mean  of  8  trips) — 

E  =  8ayl4-1;  S  =  60;  F  =  87j 

F  =  Ul  X  '66  =  9-3 from  212^ ; 

Equivalent  evaporation  from  62°  at  329'', 

r2=^'7^ 

Result  of  experiment, 7*2 

Difference, 0*55 

The  only  principle  followed  in  selecting  experiments  from  Mr. 
Clark's  table  is  that  of  giving  the  preference  to  those  cases  in  which 
a  mean  can  be  obtained  from  the  results  of  a  ]ai*ge  number  of 
experiments  under  similar  or  nearly  similar  circumstances. 

The  general  conclusion  to  be  drawn  frx>m  the  preceding  compari- 
sons is,  that  the  formula  agrees  closely  with  the  results  of  experiment 
up  to  a  rate  of  consumption  of  about  60  lbs.  per  square  foot  of 
grate;  and  that  above  that  rate  of  consumption,  although  there  is 
still  an  approximate  agreement,  the  results  of  experiment  &11 
somewhat  ^ort  of  those  given  by  the  formula.  It  is  probable, 
however,  that  for  those  high  rates  of  consumption,  the  combustion 
is  not  so  complete  as  at  lower  rates,  and  that  some  heat  is  conse- 
quently wasted. 

Eaxmple  IX.— Boiler  Class  IL— 

E  =  about  15J;  S  =  60,  nearly;  F  =  6*4j 
Frrzl^^X  •87  =  13*48 
Eesult  of  experiment, 13*56 

Difference, 0*08 

The  above  is  the  result  of  an  experiment  of  the  Author's. 
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Example  X. — The  Earl  of  Dondonald's  boiler.     This  boiler  is 

considered  as  belonging  to  Class  I.,  because  of  the  feed-water  being 

introduced  at  the  part  where  the  gas  from  the  fiimace  is  coolest — 

E  =  about  16?  (for  hand-picked  Lkngennech  coal); 

8  =  3-35;  F  =  1017; 

E'=16x  0-87  =  13-92 

Mean  result  of  two  experiments  with  ) 
the  feed-water  at  50°,  1214  x  fector  V  14-20 
of  evaporation  1-17, j 

Difference, 0-28 
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CHAPTEKIIL 

PRINCIPLES  OF  THERMODTKAiaCS. 

Section  \.— Of  the  Two  Lom»  of  ThennodynomiDs. 


235.  Theni««nHUiriOT  i^eflaeA.  —  It  is  a  matter  of  ordinarj 
observation,  that  heat,  by  expanding  bodies,  is  a  source  of  me- 
chanical energy;  and  conversely,  that  mechanical  energy,  being 
expended  either  in  compressing  bodies,  or  in  friction,  is  a  source  of 
heat  Such  phenomena  have  already  been  incidentally  referred  to, 
in  Article  13,  under  the  head  of  Friction;  in  Article  195,  where 
the  relations  between  heat  and  mechanical  energy  are  mentioned ; 
in  Article  196,  under  the  head  of  the  Properties  of  the  Condition 
of  Heat,  numbered  lY.,  Y.,  and  YL ;  and  in  Articles  211  to  216, 
under  tiie  head  of  Latent  Heat,  which  disappears  in  producing 
mechanical  changes,  and  can  be  reproduced  by  xevening  those 
changea 

The  reduction  of  the  laws  according  to  which  such  phenomena 
take  place,  to  a  physical  theoiy,  or  connected  system  of  principles, 
constitutes  what  is  called  the  science  of  thermodynamics. 

236.  Vint  x«w  wf  ThcnMdyawBlM.  —  Heai  and  mechanical 
enarffyairemuiuaUyixmvertiible;  and  heai  requdires  for  its  production, 
and  produces  by  He  dMopprnfratnoe,  mechanUiU  enargy  tn  the  proper- 
tionofll^fbU^poundsforeaichBritiAvmZofh^  the  said  unit 
being  the  amount  of  heat  reqtiired  to  raise  the  temperature  of  one 
pound  of  liquid  water  by  one  degree  of  Eahrenhext,  near  the 
temperature  of  the  maximum  density  of  water.  This  law  may  be 
consid€Ted  as  a  particular  case  of  the  application  of  two  more 
general  laws,  viz. : — 1.  All  forms  of  eneigy  are  convertible.  2.  The 
total  energy  of  any  substance  or  system  cannot  be  altered  by  the 
mutual  actions  of  its  parts. 

The  quantity  above  stated,  772  foot-pounds  for  each  British 
thermal  unit,  is  commonly  called  ^^JoMa  eqvtivaleni^*  and  denoted 
by  the  symbol  J,  in  honour  of  Mr.  Joule,  who  was  the  first  to 
determine  its  value  exactly.  His  first  approximate  determination 
of  this  quantity  was  published  in  1843,  a  littie  after  that  of  Mayer; 
his  best  set  of  experiments,  from  whidi  the  accepted  value  772  is 
deduced,  may  be  consulted  in  the  FJnUosophical  TraneactUnu  for 
1850. 
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In  these  experiments,  the  heat  produced  by  mutual  friction  of 
the  particles  of  a  liquid  was  compared  with  the  mechanical  energy 
expended  in  producing  that  friction.  The  adyantage  of  this  kind 
of  experiment  is,  that  the  liquid,  and  all  the  parts  of  the  apparatus, 
are  lefb  exactly  in  the  same  condition  at  the  end  of  the  experiment 
as  they  were  at  the  beginning ;  so  that  it  is  certain,  that  no  per- 
manent effect  whatsoever  has  been  produced  by  the  mechanical 
energy  expended,  except  a  certain  quantity  of  heat,  which  is 
accurately  measured;  and,  therefore,  that  the  heat  so  produced  is 
the  exact  equivalent  of  the  mechanical  eneigy  expended. 

In  all  other  cases  in  which  heat  is  produced  by  the  expenditure 
^f  mechanical  energy,  or  mechanical  energy  by  the  expenditure  of 
heat,  some  other  change  is  produced  besides  that  which  is  princi- 
pally considered;  and  this  prevents  the  heat  and  the  mechanical 
energy  from  being  exactly  equivalent. 

The  following  are  the  values  of  Joule's  equivalent  for  different 
thermometric  bcjeJcs,  and  in  French  and  British  units :  — 

J. 
One  British  thermal  unit,  or  degree  of  )  fnot-lba. 

Fahrenheit  in  a  lb.  of  water, j     ' ' 

One  Centigrade  degree  in  a  lb.  of  water,  1389*6      „ 

(or  very  nearly  1390). 
One  French  thermal  unit,  or  Centi-1 
grade  degree  in  a  kilogramme  of  >  423*55  kilogramm^trea. 
water, j 

The  production  of  heat  by  friction  is  distinguished  from  its  pro- 
duction by  other  mechanical  means,  such  as  the  compression  of 
gases,  in  being  irreversible;  that  is  to  say,  it  is  in^possible  to  make 
heat  produce  mechanical  energy  by  any  such  means  as  reversing  the 
process  of  friction, 

237.  Pynaiical  caqprg— toa  •f  Qwaartrtf  ♦£  Met. — ^All  quantities 
of  heat,  such  as  the  spedfio  heat  of  any  substance,  or  the  laterU  heat 
corresponding  to  any  physical  effect,  or  any  other  of  the  quantities 
of  heat  treatSi  of  in  Chapters  I.  and  II.,  may  be  expressed  dynamir 
cdUyy  that  is,  in  units  of  work,  by  multiplying  their  values  in 
ordmaiy  units  of  heat  by  Joule's  equivalent.  Several  examples  of 
this  mode  of  expressing  quantities  of  heat,  which  is  by  far  the 
most  convenient  in  treating  of  thermodynamical  questions,  are 
given  in  the  tables  at  the  end  of  this  volume.  The  following  are 
additional  examples : — 

Pootpttw. 

Latent  heat  of  evaporation  of  1  lb.  of  water,  from  )      ^ .  -  q» ^ 
aad  at  212°, .„. }     ''»5,8" 

Total  heat  of  combaation  of  1  lb.  of  carbon, 11,194,000 
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Fig.  91. 


238.  Oimphic  WUvrtrnvrntmiimm  mf  the  Flnt  Ijaw. — ^In  fig.  91,  let 
abscissae,  measured  along,  or  parallel  to,  the  axis  O  X,  represent 
the  volumes  successively  assumed  by  a  given 
mass  of  an  elastic  substance,  by  whose  alter- 
nate expansion  and  contraction  heat  is  made 
to  produce  mechanical  energy;  O  Yj^  and 
O  V  B  being  the  least  and  greatest  volumes 
which  the  substance  is  made  to  assume,  and 
O  V  any  intermediate  volume.  For  brevity's 
sake,  these  quantities  will  be  denoted  by  v., 
Vj,  and  V,  respectively.  Then  v^  -  v.  may  re- 
present the  space  traversed  by  the  piston  of 
an  engine  during  a  single  stroke. 

Let  ordinates,  measured  parallel  to  the 
axis  O  Y,  and  at  right  angles  to  O  X,  denote  the  expansive  pressures 
successively  exerted  by  the  substance  at  the  volumes  denoted  by 
the  abscissse.  During  the  increase  of  volume  from  v^  to  v^,  the 
pressure,  in  order  that  motive  power  may  be  produced,  must  be,  on 
the  whole,  greater  than  during  the  diminution  of  volume  from  v^  to 
v.;  so  that,  for  instance,  the  ordinates  VPj  and  VPg,  or  the 
symbols  p^  and  p«,  may  represent  the  pressures  corresponding  to  a 
given  volume  v,  during  the  expansion  and  contraction  of  the  sub- 
stance respectively. 

Then,  as  in  Article  43,  and  fig.  17,  the  area  of  the  curvilinear 
figure,  or  indicator-diagram,  A  Pj  B  Pg  A,  will  represent  the  energy 
exerted  by  the  elastic  substance  on  the  piston  during  a  complete 
stroke,  or  cycle  of  changes  of  volume  of  the  elastic  substance.  The 
algebraical  expression  for  that  area  is 

rVh 


{Pi-P^dv; 

V 


and  this,  in  virtue  of  the  first  law  of  thermodynamics,  represents 
also,  in  units  of  work,  the  mecJumuxd  equivalefnt  of  ike  heat  which 
disa/ppea/rs  during  a  complete  forward  and  back  stroke  of  the 
piston;  that  is  to  say,  if  h^  represents  the  quantity  of  heat,  in 
common  thermal  units,  received  by  the  elastic  substance  during  one 
part  of  the  process  (such,  for  example,  as  the  heat  communicated 
to  a  certain  weight  of  water  in  a  boiler  in  order  to  produce  steam), 
and  ^2  ^^  quantity  of  heat  r^ected  by  the  same  substance  during 
another  part  of  the  process  (such,  for  example,  as  the  heat  abstracted 
from  the  same  quantity  of  water  in  the  condenser  of  a  condensing 
engine,  or  by  the  air,  in  a  non-condensing  engine);  and  if  H^  and 
Hj  are  the  same  quantities  of  heat  expressed  in  foot-pounds,  then, 
by  the  first  law. 
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239.  Thenud  liiaM. — A  line  drawn  on  a  diagram  of  energy, 
such  that  its  ordinates  represent  the  pressares  of  a  substance  cor- 
responding to  various  yolumes,  while  the  absolute  temperature  is 
maintained  at  a  constant  value,  denoted,  for  example,  hj  r,  may  be 
called  the  isothermal  line  of  r  for  the  given  substance  (see  fig.  92), 
Suppose,  for  instance,  that  the  oo-ordmates  of  the  point  A,  v^  and 
p^  represent  respectively  a  volume  and  a  pressure  of  a  given  sub- 
stance, at  which  the  absolute  temperature  is  r ;  and  the  co-ordinates 
of  the  point  B,  viz.,  v^  and  p^  another  volume  and  pressure  at  wMch 
the  absolute  temperature  is  the  same;  then  are  the  points  A  and  B 
situated  on  the  same  isothermal  line  T  T. 

On  the  other  hand,  let  the  sub- 
stance be  allowed  to  expand  from 
the  volume  and  pressure  v^  p„  with- 
out receiving  or  emitting  heat;  and 
when  it  reaches  a  certain  volumey 
v„  let  the  pressure  be  represented 
by  p^y  which  is  less  than  the  pres- 
sure would  have  been  had  the  tem- 
perature been  maintained  constant, 
because,  by  expansion,  heat  is  made 
to  disappear.  Then  C  will  be  a 
^     TO  ^  09  point  on  a  certain  curve  N  N  pass- 

^  ing  through  A,  which  may  be  <adled 

a  cwrve  of  no  tTcmsminUmj  or  adiaboHc  curve. 

It  is  to  be  understood  that,  during  the  process  last  described, 
the  mechanical  eneigy  exerted  during  the  expansion,  and  which  is 
represented  by  the  area  A  C  Yo  V^  is  entirely  communicated  to  an 
external  body,  such  as  a  piston ;  for  if  any  part  of  it  were  expended 
in  agitating  the  particles  of  the  expanding  substance,  a  portion  of 
heat  would  be  reproduced  by  friction. 

K  0  0  0  be  a  curve  whose  ordinates  represent  the  pressures  corre- 
sponding to  various  volximes  when  the  substance  is  absolutely 
destitute  of  heat,  then  this  curve,  which  may  be  called  the  line 
of  absolute  cold,  is  at  once  an  isothermal  curve  and  an  adiabatic 
curve. 

So  &r  as  we  yet  know,  the  line  of  absolute  cold,  for  all  sub- 
stances for  which  it  has  been  ascertained,  is  an  asymptote  to  all 
the  other  isothermal  curves  and  curves  of  no  transmission,  which 
approach  it  and  each  other  indefinitely  as  the  volume  of  the 
substance  increases  without  limit;  and  it  coincides  sensibly  with 
the  straight  line  O  X ;  that  is  to  say,  a  substance  whoUy  destitute 
of  heat  exerts  no  expansive  pressure. 


THBORBK  AS  TO  ADIABATIC  CUBYBa 


303 


The  following  property  of  adiabatic  curves,  in  connection  with 
the  first  law  of  thermodynamics,  is  the  foundation  of  many  useful 
propositions.  (It  was  first  demonstrated  in  the  PkUasophical 
TranaacUcma  for  1854.) 

Thbobeil  The  fMchanical  equwcUerU  of  the  hetU  absorbed  or 
given  out  by  a  mbeUmoe  in  pcuemg  from  one  given  elate  a»  to  pret- 
ewre  amd  volume  to  another  given  etate,  through  a  aeriea  of  states 
represented  by  the  co-ordinates  of  a  given  curve  on  a  diagram  of 
energy,  is  represented  by  the  area  induded  between  the  given  curve 
and  two  curves  of  no  tramemission  of  heat  drawn  from  its  extremities, 
and  ind^imtdy  prolonged  in  the  direction  representing  increase  of 
volume, 

(Demonstration)  (see  fig.  93).  Let  the  co-ordinates  of  any  two 
points,  A  and  B,  represent  respectively  the  Tolumes  and  pressures 
of  the  substance  in  any 
two  conditions;  and  let 
a  curve  of  any  figure, 
A  0  B,  represent  by  the 
co-ordinates  of  its  points, 
an  arbitrary  succession 
of  volumes  and  pressures 
through  which  the  sub- 
stance is  made  to  pass, 
in  changingfrom  the  con- 
dition A  to  the  condition 
R     From  the  points  A 


Fig.  93. 


and  B  respectively,  let  two  adiabatic 
curves  A  M,  B  N,  extend  indefihitely  towards  X ;  then  the  area 
referred  to  in  the  enunciation  is  that  contained  between  the  given 
arbitrary  curve  A  C  B  and  the  two  indefinitely  prolonged  adiabatic 
curves;  areas  above  the  curve  A  M  being  considered  as  represent- 
ing heat  absorbed  by  the  substance,  and  those  below,  heat  given 
out. 

To  fix  the  ideas,  let  us  in  the  first  place  suppose  the  area 
M  A  C  B  N  to  be  situated  above  A  M.  After  the  substance  has 
reached  the  state  B,  let  it  be  expanded  according  to  the  adiabatic 
curve  B  N,  until  its  volume  and  pressure  are  represented  by  the 
co-ordinates  of  the  point  D*.  Next,  let  the  volume  Vj^  be  maintained 
constant,  while  heat  is  abstracted  until  the  pressure  fidls  so  as  to  be 
represented  by  the  ordinate  of  the  point  D,  situated  on  the  curve  of 
no  transmission  A  M.  Finally,  let  the  substance  be  compressed, 
according  to  this  curve  of  no  transmission,  until  it  recovers  its 
primitive  condition  A.  Then  the  area  A  C  B  D'  D  A,  which  re- 
presents the  whole  energy  exerted  by  the  substance  on  a  piston 
during  one  cyde  of  operations,  represents  also  the  heat  which  dis- 
appears; that  is,  the  difference  between  the  heat  absorbed  by  the 
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substance  during  the  change  from  A  to  B,  and  the  heat  emitted 
during  the  change  from  D'  to  D ;  for  if  this  were  not  so,  the  cycle 
of  operations  would  alter  the  amount  of  enei^  in  the  universe, 
which  is  impossible. 

The  further  the  ordinate  V^  D  D'  is  removed  in  the  direction  of 
X,  the  smaller  does  the  heat  emitted  during  the  change  from  D'  to 
D  become;  and  consequently,  the  more  nearly  does  the  area 
A  C  B  D'  D  A  approximate  to  the  equivalent  of  the  heat  absorbed 
during  the  change  fi^m  A  to  B;  to  which,  therefore,  the  area  of 
the  indefinitely  prolonged  diagram  M  A  C  B  N  is  exactly  equal 
— Q.RD. 

It  is  easy  to  see  how  a  similar  demonstration  could  have  been 
applied,  nmUUia  mvJtandia,  had  the  area  lain  below  the  cui^e  A  M. 
It  is  evident  also,  that  when  this  area  lies,  part  above  and  part 
below  the  line  A  M,  the  difference  between  those  two  parts  repre- 
sents the  difference  between  the  heat  absorbed  and  the  heat  emitted 
during  different  parts  of  the  operation. 

Corollary. — The  difference  between  the  whole  heat  absorbed,  and 
the  tohole  expansive  energy  exerted,  dwring  the  operation  represented 
by  amy  curve,  such  as  A  C  B,  on  a  diagram  of  energy,  depends  on 
the  initial  and  final  conditions  of  the  substance  alone,  and  not  on  the 
intermediate  process. 

(Demonstration.)  In  fig.  93,  draw  the  ordinates  AVj^,  BVbj 
parallel  to  O  Y.  Then  the  area  V^  A  C  B  Vb  represents  the 
energy  exerted  in  a  piston  during  the  operation  A  C  B;  and  it  is 
evident  that  the  difference  between  this  area  and  the  indefinitely 
prolonged  area  M  A  C  B  N,  which  represents  the  heat .  received  by 
the  substance,  depends  simply  on  the  positions  of  the  points  A  and 
B,  which  denote  the  initial  and  final  conditions  of  the  substance  as 
to  volume  and  pressure,  and  not  on  the  form  of  the  curve  A  C  B, 
which  represents  the  intermediate  process. — Q.RD. 

To  express  this  result  symbolically,  it  is  to  be  considered,  that 
the  excess  of  the  heat  or  actual  energy  received  by  the  substance 
above  the  expansive  power  or  potential  energy  given  out  and 
exei'ted  on  an  external  body,  such  as  a  piston,  in  passing  from  the 
condition  A  to  the  condition  B,  is  equal  to  the  whole  energy  stored 
vp  in  the  substance  during  this  operation,  which  consists  of  two 
parts,  viz. — 

Actual  energy ;  being  the  increase  of  the  actual  or  sensible  heat 
of  the  substance  in  passing  from  the  condition  A  to  the  condition 
B,  which  may  be  represented  by  this  expression, 

A-Q  =  Qb-Qa. 

Potential  energy ;  being  the  power  which  is  stored  up  in  producing 
changes  of  molecular  arrangement  during  this  process;  and  which. 
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it  appears  from  the  theorem  just  proved,  must  be  represented,  like 
the  actual  energy,  by  the  difference  between  a  function  of  the 
volume  and  pressure  corresponding  to  A,  and  the  analogous  func- 
tion of  the  volume  and  pressure  corresponding  to  B ;  that  is  to  say , 
by  an  expression  of  the  form 

aS  =  Sb-S^ (1.) 

Let  H^B  =  areaMACBN 

represent  the  heat  received  by  the  substance  during  the  operation 
A  C  B,  and 

f '^*  ;?d  t;  =  area  V^  A  C  B  Vb 

thepower  or  potential  enei^  exerted  on  a  piston. 

llien  the  theorem  of  this  Article  is  expressed  as  follows : — 

H^B-Pp<^i^  =  QB-QA+SB-S^  =  AQ  +  AS (2.) 

being  a  form  of  the  general  equation  of  the  expansive  action  of 
heat,  in  which  the  potential  of  molecular  action,  S,  remains  to  be 
determined. 

240.  Twud  Aetaal  VKtmu — ^Let  a  substance,  by  the  expenditure 
of  energy  in  friction,  be  brought  from  a  condition  of  total  privation 
of  heat  to  any  particular  condition  as  to  heat.  Then,  if  from  the 
total  energy  so  expended,  there  is  subtracted — ^first,  the  mechanical 
work  performed  by  the  action  of  the  substance  on  external  bodies, 
through  changes  of  its  volume  and  figure,  during  such  heating; 
secondly,  the  mechanical  work  due  to  mutual  actions  between  the 
particles  of  the  substance  itself  during  such  heating;  the  remainder 
will  represent  the  energy  which  is  employed  in  mcSdng  the  substance 
hot,  and  which  might  be  made  to  reappear  as  ordinary  mechanical 
energy,  if  it  were  possible  to  reduce  the  substance  to  a  state  of 
total  privation  of  heat  This  remainder  is  the  quantity  called  the 
total  actual  heat  of  the  substance;  being  the  total  energy,  or 
capacity  for  performing  work,  which  the  substance  possesses  in 
virtue  o/ being  hot.  It  is  not  directly  measurable;  but  its  value 
may  be  computed  from  known  quantities,  by  means  to  be  after- 
wards explained  When  a  homogeneous  substance  is  uniformly 
hot,  every  particle  of  it  is  equally  hot;  and  every  particle  is  hot  in 
virtue  of  a  condition  of  its  own,  and  independently  of  forces  exerted 
between  it  and  other  particles.  These  are  fajcts  known  by  experi- 
ence; and  they  lead  to  the  foUowing  consequence: — that  when  the 
total  actual  heat  of  a  homogeneous  and  uniformly  hot  substance  is 
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considered  as  a  quantity  made  up  of  any  nnmber  of  equal  parts,  all 
those  equal  parts  are  siinilarly  circumstanced ;  and  hence  follows — 
241.  Th«  SeeMid  lAw  •T  Thmnmm^fmmmUm, — If  the  Mai  actual 
heat  of  a  homogeTieaus  and  uniformly  hat  subttwnce  be  conceived  to  be 
divided  into  a/ay  number  of  eqtuil  parte,  the  effeete  of  thoee  parts  in 
causing  work  to  be  performed  are  equal, — ^This  law  may  be  con- 
sidered as  a  particular  case  of  a  general  law  applicable  to  every 
kind  of  a^Aval  energy;  that  is,  capacity  for  performing  work,  con- 
stituted by  a  certain  condition  of  each  particle  of  a  substance,  how 
small  soever,  independently  of  the  presence  of  other  particles  (such 
as  the  energy  of  motion).  The  symbolical  expression  of  the  second 
law  of  thermodynamics  is  as  follows : — Let  unity  of  weight  of  a 
homogeneous  substance,  possessing  the  actual  heat  Q,  undei^  any 
indefinitely  small  change,  so  as  to  perform  the  indefinitely  small 
amount  of  work  ^^  IT.  It  is  required  to  find  how  much  of  this 
work  is  performed  by  the  disappearance  of  heat.  Conceive  Q  to  be 
divided  into  an  indefinite  number  of  indefinitely  small  equal  parts, 
each  of  which  is  )  Q.  Each  of  those  parts  will  cause  to  be  per- 
formed the  quantity  of  work  represented  by 

consequently  the  quantity  of  work  performed  by  the  disappearance 
of  h^at  will  be 

^^j^^^' (i-> 

which  quantity  is  known  when  Q,  and  the  law  of  variation  of  ^  XT 
with  Q,  are  known. 

— Temperature  is  a  fanction  depending  on  the  tendency  of  bodies  to 
communicate  the  condition  of  heat  to  each  other.  Two  bodies  are 
at  equal  temperaluTes,  when  the  tendencies  of  each  to  make  the 
other  hotter  are  equal  All  substances  absolutely  devoid  of  heat 
are  at  the  same  temperature.  Let  this  be  called  the  absolute  zero 
of  heat;  and  let  the  scale  of  temperature  be  so  graduated,  that  for 
a  given  homogeneous  substance,  each  degree  shall  correspond  to  an 
equal  increment  of  actual  heat.*    This  mode  of  graduation  neoes- 

*  The  mode  of  graduation  above  described  leads  to  a  djfnamical  tcale  of  absolute 
temperatures.  In  Article  201,  a  scale  of  absolute  temperatures  is  described,  founded 
upon  the  elasticity  of  a  perfect  gas.  It  was  anticipated  some  years  ago,  by  eeitain 
theoretical  and  hypothetical  investigations,  that  the  scale  of  the  perfect  gas  thermo- 
meter would  be  found  to  agree  with  the  dynamical  absolute  thermometric  scale,  as  to 
the  length  of  its  degrees;  and  also  that  the  zeros  of  those  scales  would  be  found  to  be 
near  each  other,  if  not  coincident.  Throughout  many  of  the  papers  referred  to,  tbe 
formulae  were  so  framed  as  to  contun  unknown  terms,  suited  to  provide  fbr  the  possi- 
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sarilj  leads  to  the  same  scale  of  temperature  for  all  substances. 
For  if  two  substances  A  and  B  be  at  equal  temperatures  when  they 
possess  respectively  two  certain  quantities  of  actual  heat  Q^  and  Qb, 
then  if  each  of  those  quantities  of  actual  heat  be  divided  into  the 
same  number  of  equal  parts  n,  the  tendency  of  the  substance  A  to 
communicate  heat  to  B^  arising  from  any  one  of  the  nth  parts  of 
Qj^  must,  from  the  property  of  actual  heat  already  mentioned^  be 
equal  to  the  tendency  of  B  to  communicate  heat  to  A,  arising  from 
any  one  of  the  Tith  parts  of  Qb;  from  which  it  follows^  that  so  long 
as  the  quantities  of  actual  heat  possessed  by  the  two  substances  are 
in  the  ratio  Q^  :  Qb,  their  temperatures  are  equal,  independently 
of  the  ahaolnite  amunmda  of  those  quantities.     The  amount  of  actual 
heat,  expressed  in  units  of  worl^  which  corresponds,  in  a  given 
substance,  to  am  degree  ofahaolvie  temperature,  is  the  rmL  dyricmiical 
specific  Iheat  of  that  substance,  and  is  a  constant  quantity  for  all 
temperatures.   The  total  quantity  of  mechanical  energy  required  to 
raise  the  temperature  of  unity  of  weight  of  a  substance  by  one 
degree,  generaUy  includes,  besides  the  real  specific  heat,  work 
performed  in  overcoming  molecular  forces  and  external  pressures. 
This  is  the  appa/rerU  dynamical  specific  heat;  and  may  be  constant 
or  variable.     Joule's  equivalent  is  the  apparent  dynamical  specific 
heat  of  liquid  water  at  and  near  its  maximum  density;  and  it  is 
probably  equal  sensibly  to  the  real  specific  heat  of  that  substance. 
The  real  specific  heat  of  each  substance  is  constant  at  all  densities, 
so  long  as  the  substance  retains  the  same  condition,  solid,  liquid,  or 
gaseous;  but  a  change  of  real  specific  heat,  Bometimes  considerable, 
often  accompanies  the  change  between  any  two  of  those  conditions. 
From  the  mutual  proportionality  of  actual  heat  and  absolute  tem- 
perature, there  follows — 

243.  Th«  aeMadl  Iaw  mt  rrhemAdynamics,  expressed  wUh  refer- 
ence to  ABSOLUTE  TEMPERATURE.  If  the  absolute  temperature  of  any 
wrdforndy  hot  substaaice  be  divided  into  any  number  ofeqaal  panrts, 
the  effects  of  those  parts  in  canising  work  to  he  performed  a/re  equal. 
This  law  is  expressed  algebraically  as  follows : — ^from  the  relation 
between  absolute  temperature  (r),  and  actual  heat  (Q),  it  follows 
that 

ooDsequently  the  expression  1,  for  the  work  performed  by  the  dis- 
appearance of  heat,  is  transformed  into 

bOlty  of  a  senile  difference  between  those  zeros.  But  as,  acoording  to  the  latest 
and  best  experiments,  no  snch  appreciable  difference  has  been  found,  the  zero  and 
scale  of  the  perfect  gas  thermometer  may  be  treated  as  sensibly,  if  not  exactly,  ooin- 
Gident  with  the  dynamical  absolate  zero  and  absolute  thermometfic  scale. 
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This  expression  is  applicable,  not  merely  to  homogeneous  sub- 
stances, but  to  heterogeneous  aggregates. 

When  the  expressions  1  of  Articles  241  and  243  are  negatiye, 
they  represent  heat  which  appears  in  consequence  of  the  ex- 
penditure of  mechanical  work  in  altering  the  condition  of  a 
substance. 

The  first  and  second  laws  virtuallj  comprise  the  whole  theory  of 
thermod7namic& 

244.  tk909md  lAW,  BtjpujiMHj*  CtawpUcaUy. — ^Theobeh.  In  Jig, 
94,  ^  A^  A^  M,  Bj  Bg  N,  be  amy  two  adiabatic  cwrves,  inde/mUdy 
extended  %n  me  directum  of^y  vnierseded  m  the  points  A^  B^,  Ag,  B^, 
bf/  two  isothermal  curoes,  Q^  A^  B^  Q^,  Qg  A^  B.  Q29  fohtch  corre- 
spond to  tvx)  ahsolvJte  temperatvreSy  r^  and  r^  differing  by  the  qwvnJtity 

T  J  -  Tg  =  A  T. 

Thm  the  quadrilateral  a/rea,  A^  R  B,  Ag,  bears  to  Hie  wkole 
indefinild/y  prolonged  area  M  A  B^  N,  me  same  proportion  which 
the  difference  of  temperature  a  r  bears  to  the  whole  absoliUe  tempera- 
ture t;  or 


area  Ai  B^  Bg  A^ 
areaMAiB^N 


At 


.(1.) 


(Demonstration.)    Draw  the  ordinates  A^  V^j,  A«  Yn,  B^  Vbi, 
B2  Vbs.     Suppose,  in  the  first  place,  that  a  r  is  an  aliquot  part  of 

r,  obtained  by  diyidrng  the 
latter  quantity  by  an  in- 
teger n,  which  we  are  at 
liberty  to  increase  without 
limit. 

The  entire  indefinitely 
prolonged  area  M  A^  B^  N 
represents  a  quantity  of 
heat  which  is  converted 
into  mechanical  eneigy 
during  the  expansion  of 
the  substance  from  Y^  to 


Ffe 


A^^Aja 


Fig.  94. 


Vbi,  in  consequence  of  the  continued  presence  of  the  absolute  tem- 
perature T^.  Mutatis  mu>tandis,  a  sinular  statement  may  be  made 
respecting  the  area  M  A^  Bg  N.  (By  increasing  without  limit  the 
number  n,  and  diminishmg  a  r,  we  may  make  the  expansion  firom 
Vj^,  to  Vga  as  nearly  as  we  please  an  identical  phenomenon  with 
the  expansion  from  Y^j  to  Vbi.)  The  quadrilateral  Aj  R  Bj  A- 
the  <iiminution  of  conversion  of  heat  to  mechanical 
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energy,  which  results  from  the  abstraction  of  any  one  whatsoever 
of  the  n  equal  parts  a  r  into  which  the  absolute  temperature  is 
supposed  to  be  diyided,  and  it  therefore  represents  the  effect, 
in  conversion  of  heat  to  mechanical  energy,  of  the  presence  of 
any  one  of  those  parts.  And  as  all  those  parts  a  r  are  similar 
and  similarly  circumstanced,  the  effect  of  the  presence  of  the 
whole  absolute  temperature  r^  in  causing  conversion  of  heat  to 
mechanical  energy,  will  be  simply  the  sum  of  the  effects  of  aU 
its  parts,  and  will  bear  the  same  ratio  to  the  effect  of  one  of  those 
parts  which  the  whole  absolute  temperature  bears  to  the  part 
Thus,  by  virtue  of  the  general  law  enunciated  below,  the  theorem 
is  proved  when  at  is  an  aliquot  part  of  r^;  but  a  r  is  either  an 
aliquot  part,  or  a  sum  of  aliquot  parts,  or  may  be  indefinitely 
approximated  to  by  a  series  of  aliquot  parts;  so  that  the  theorem 
is  universally  true. — Q.  E.  D. 

A  symbolical  expression  of  this  theorem  is  as  follows : — ^When 
the  absolute  temperature  r^,  at  any  given  volume,  is  varied  by  the 
indefinitely  small  quantity  )  r,  let  ti^e  pressure  vary  by  the  indefi- 
nitely small  quantity  7^  ^  ^>  ^'^^  ^^  srea  of  the  quadrilateral 
A^  B^  B2  A2  will  be  represented  by 


■H^"^ 


and  consequently,  that  of  the  whole  figure  M  A^  B^  N,  or  the 

LATENT  HEAT  OF  EXPANSION  from  V^.!  tO  Vb.  „  at  Tj,  by 


J^, 


,=H,=,,r^... w 


a  result  substantially  identical  with  that  expressed  in  equation  1  of 
Article  243,  when p  dvia  put  for  d  U. 

The  demonstration  of  this  theorem  is  an  example  of  a  special 
application  of  the  following 

General  Law  of  the  TuANSFOBMATioir  of  Eneeqt. 

Ths  effect  of  ths  preeenoe  in  a  suhetcmce,  of  a  qucmtUy  of  actual 
energy,  in  catising  transfonnaUon  of  energy,  is  the  sum  of  the  effects 
of  oil  its  parts; 

a  law  first  enunciated  in  a  paper  read  to  the  Philosophical  Society 
of  Glasgow  on  the  5th  of  January,  1853. 

245.  Of  HMt  P«tentiaU  and  Thmrmmdrwmaaie  Fhb^Hmib. — The 
second  law  of  thermodynamics  may  also  be  expressed  in  the  follow- 
ing form: — The  toork  performed  by  the  disappearance  of  heat  during 
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amy  iiiyd^imUiy  amall  wwiai^ 

by  the  prockbct  of  the  abaoluie  tempemiwre  into  the  variaUon  of  a  cer- 
tcdn/unctioT^  wkiich  Junction  is  the  rate  of  iwricUion  of  the  ^mUne 
work  performed  with  tempmutwre;  that  Ib  to  saj,  make 

dr 

then  the  work  performed  by  the  disappearance  of  heat  is 

rd¥ (1.) 

This  function  F  has  been  called  the  heat  potential  of  the  given 
substance  for  the  kind  of  work  under  consideration. 

Now  let  the  substance  both  perform  work  and  undergo  a  variar 
tion  of  absolute  temperature  d  r,  and  let  ft  denote  its  real  dynamical 
specific  heat.  The  whole  heat  which  it  must  receive  from  an 
external  source  of  heat,  to  produce  those  two  efifecta  simultaneously, 
is 

Jdh=zdn  =  ^dr  +  rdF=zTd  <p; (2.) 

in  which 

^  =  ft  •  hyp  log  ^  +  -^ (S.) 

^  is  called  the  thermodynamic  fimction  of  the  substance  for  the 
kind  of  work  in  question;  and  in  some  papers,  the  heat-factor. 
The  equation  (2)  is  the  general  equation  of  THBRMODYNAjacSy 
which  we  shall  proceed,  in  the  sequel,  to  apply,  by  determining  the 
thermodynamic  function  for  each  particular  case. 

In  determining  that  function,  it  is  to  be  observed,  that  the  func- 
tion XJ,  representing  the  work  performed  by  the  kind  of  change 
under  contemplation,  is  first  to  be  investigated  as  if  the  temperature 
were  constant,  and  iJien  the  law  of  its  variation  with  absolute  tem- 
perature found. 

The  property  of  an  adiabatic  curve  is  expressed  by  <^  * H  =r  0; 
from  which  it  is  evident,  that  for  such  a  curve,  J  ^  =r  0;  that  is  to 
say.ybr  a  given  adiabatic  curve^  the  therTnodynamfiic  fwMiion  hoe  a 
constant  vaJLuBy  proper  to  that  cwrve. 

In  fig.  94,  Article  244,  the  indefinitely  extended  area  between 
the  isotiiermal  curve  Q^,  Q^,  and  the  two  adiabatic  curves  A^  M, 
B2  N,  is  the  product  of  the  absolute  temperature  proper  to  the 
isothermal  curve  into  the  difierence  between  the  thermodynamic 
fimctions  proper  to  the  adiabatic  curves. 

Section  2. — Expansive  Action  of  Beat  in  Fluids. 
246.  Ckancnd  Iaws  aa  Applied  t»  viaiAk  —  In  representing 
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graphically  the  general  laws  of  thennodynflmica,  the  illustratians 
alreEMly  employed  in  Ardclea  2SS,  239,  and  244,  have  been  taken 
from  the  changes  of  pressure  and  Yolume  of  fluids  as  affected  by 
heat  It  is  to  be  borne  in  mind,  however,  that  the  general  laws 
are  applicable  to  the  reUtkms  which  heat  bears  to  the  energy  of  all 
kinds  ai  elastic  forces,  as  well  as  to  the  simple  expansive  pressure 
exerfced  by  fluid&  In  the  expression  for  work  performed  against 
some  exfcmial  resistance, 

dJJ  =sp  d% 

d  V,  instead  of  an  elementary  increase  of  the  volume  of  a  substance, 
solid  or  fluid,  may  represent  an  elementary  part  of  the  motion 
which  takes  place  amongst  its  particles,  as  it  returns  to  its  original 
figure  after  having  been  distorted,  and  p,  the  force  with  which  it 
tends  to  recover  its  original  figure;  in  which  case,  v  may  still  be 
represented  by  the  abscassa,  and  p  by  the  ordioate  of  a  diagram  of 
energy,  and  pdv  hj  ah  elementary  portion  of  the  area  of  that 
diagnun. 

Inasmuch,  however,  as  all  known  heat  engines  perfonn  work  by 
means  of  the  changes  of  pressure  and  volume  of  fluids  alone,  it  la 
unnecessary  in  this  treatise  to  do  more  than  to  refer  in  general 
terms  to  the  special  application  of  the  laws  of  thermodynamics  to 
the  elasticity  of  solids. 

In  the  present  section  will  be  considered  the  more  important  of 
their  special  applications  to  the  elasticity  of  fluids. 

Let  V  denote  the  volume  in  cubic  feet  occupied  by  a  given  mass 
of  any  fluid,  whether  liquid  or  gaseous,  enclosed  in  a  vessel  of 
variable  capacity  (such  as  a  cylinder  with  a  piston);  p  the  pressure, 
or  effort  to  expand,  which  the  fluid  exerts  against  the  interior  of 
the  vessel,  in  pounds  per  square  foot ;  then,  as  in  Articles  6, 43,  ^., 
will  pdv  denote  the  external  work  in  foot-pounds  performed  by 

the  fluid  during  an  indefinitely  small  expansion  d v,  and  \  pdv  the 

external  work  performed  during  any  finite  expansion,  the  relation 
between  p  and  v  being  fixed  by  the  circumstances  of  iJie  case.  To 
find  the  thermodynamic  function  for  the  expansion  of  a  fluid,  the 
pressure  p  is  to  be  expressed  in  the  form  of  a  fdnction  of  the  volume 
r,  and  absolute  temperature  r,  and  the  general  value  of  the  integral 


TJ=fpdv, 


found  on  the  supposition  that  r  ia  constant ;  then  the  thermody- 
namic function  will  be 

^  =  fc-hyplogT+j'^rft; (1.) 


312  ffTEAM  AND  OTHER  HEAT  EKOINES. 

The  second  term  of  this  expression  is  represented  graphically,  as 
in  fig.  94,  hj  the  limiting  ratio  of  the  area  of  the  band  A^  B^Bo  Ag 
to  the  difference  between  the  absolute  temperatures  correspondmg 
to  the  upper  and  lower  edges  of  that  band. 

Applying  the  thermodynamic  function  to  the  determination,  in 
foot-pounds,  of  the  whole  quantity  of  heat  d  H,  wjiich  must  be 
communicated  to  one  pound  of  the  fluid  in  order  to  produce 
simultaneously  the  indefinitely  small  variation  of  temperature  d  r, 
and  the  indefinitely  small  variation  of  volume  d  v,  we  find, 

={>'+' r.Ti-") ''+''£'- « 

which  is  the  general  equation  of  the  expansive  action  of  heat  in  a 
fluid. 

If  this  expression  be  analyzed,  it  is  found  to  consist  of  the  fol- 
lowing parts : — 

I.  The  variation  of  the  actual  heat  of  uniiy  of  weight  of  the  fluid 
ftrfr. 

IL  The  heat  which  disappears  in  producing  work  by  mutual 
molecular  actions  depending  on  change  of  temperature  and  not  on 
change  of  volume, 


dr. 


The  lower  limit  of  this  integral  is  made  to  correspond  to  the 
state  of  indefinite  rare&ction;  that  is,  of  perfect  gas,  in  which 

those  actions  are  null.     Let  D  =  -  be  the  density,  or  weight  of 

unity  of  volume  of  the  fluid;  then  we  have,  as  a  more  convenient 
form  of  the  integral, 

d^p 


r  ^Av^^f^d^'dl^ (3.) 

i  ^d'T^  J  0    ^2 


III.  The  latent  heat  of  expansion, — ^that  Ls,  heat  which  dis- 
appears in  performing  work,  partly  by  the  forcible  enlargement  of 
the  vessel  containing  the  fluid,  partly  by  mutual  molecular  actions 


depending  on  expansion,  t  ^  d  v. 


The  heat,  expressed  in  units  of  work,  which  must  be  communi- 
cated to  unity  of  weight  of  a  fluid  to  produce  any  given  finite 
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changes  of  temperature  and  volume,  is  found  by  integrating  the 
expression  2.  Now  that  expression  is  not  the  exact  differential  of 
any  Auction  of  the  temperature  and  volume;  consequently  its 
integral  does  not  depend  solely  on  the  initial  and  final  condition  of 
the  fluid  as  to  temperature  and  volume,  but  also  upon  the  mode  of 
intermediate  variation  of  those  quantities.  The  graphic  represen- 
tation of  that  integral  is  the  indefinitely  prolonged  area  M  A  C  £  N 
in  fig.  93. 

247.  iBtffftBflic  KBcvgT  •f  a  Flai4. — ^Another  mode  of  analyzing 
the  expression  2  of  Article  246  is  as  follows : — 

I.  The  variation  of  actual  heat,  aa  before,  kdr. 

II.  The  external  toork  performed,  pdv,  represented  by  an  ele- 
mentary vertical  band  of  the  area  Ya  A  C  £  Yb,  fig-  93. 

III.  The  internal  work  performed  in  overcoming  molecular  forces, 
viz.: — 

Now  this  last  quantity  is  the  exact  differential  of  a  function  of  the 
temperature  and  volume,  viz. : — 


-j'{.±t-,),,.-S (..) 


A  given  value  of  S  expresses  the  work  required  to  overcome  mole- 
cular forces,  in  expanding  xmity  of  weight  of  a  fluid  from  a  given 
state,  to  that  of  perfect  gas;  and  the  excess  of  the  actual  heat  of 
the  fluid  above  this  quantity,  or 

ftr-S, (lA.) 

is  the  intrinsic  energy  of  the  fluid,  or  the  energy  which  it  is  capable 
of  exerting  against  a  piston,  in  changing  from  a  given  state  as  to 
temperature  and  volume,  to  a  state  of  total  privation  of  heat  and 
indefinite  expansion.  In  fig.  93,  the  values  of  the  intrinsic  eneigy 
of  the  fluid  in  the  conditions  A  and  £  are  represented  respectively 
by  the  indefinitely  prolonged  areas  X  Ya  A  M,  X  Yb  B  N.  The 
quantity  above  denoted  by  S  is  the  same  with  that  denoted  by  the 
same  symbol  in  Article  238.  Let  the  suffixes  a,  b,  denote  the 
states  of  the  fluid  at  the  beginning  and  end  of  any  given  series  of 
changes  of  temperature  and  volume,  and  H^  »,  the  supply  of  heat 
from  an  external  source  necessary  to  produce  those  changes,  ex- 
pressed in  foot-pounds;  then 

H^.-P;,rf«  =  (kT-S),-(ltr-S).; (2.) 

that  is  to  say,  the  excess  of  the  heat  absorbed  above  the  external  work 
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pefformed  is  eqwd  to  the  increase  of  ike  vntrineic  energy;  so  that  this 
excess  depends  on  the  initial  and  final  states  only,  as  already  shown 
in  Article  238. 

248.  KzpnHlra  m€  tlw  Thcn^dmnile  VmctlMi  ta  Tmsmm  •Tlhe 
TeBiF«m>n«  «i4  FraMHfe. — ^The  volume  of  unity  of  weight  of  a 
fluid  t?,  its  expansive  pressure  p,  and  its  absolute  temperature  r, 
form  a  system  of  three  quantities,  of  which,  when  any  two  are 
given,  the  third  is  determined.  In  the  preceding  Articles,  the 
volwme  and  temperature  are  taken  as  independent  variaUes,  and 
the  pressure  is  expressed  as  a  function  of  them.  In  some  investi- 
gations it  is  convenient  to  take  the  presswre  and  temp^nture  as 
independent  variables,  the  volume  being  expressed  as  their  func- 
tion. The  following  expression  of  the  thermodynamic  function  in 
terms  of  this  pair  of  independent  variables  is  taken  from  an 
unpublished  continuation,  now  in  the  hands  of  the  Boyal  Society 
of  Edinburgh,  of  a  series  of  papers  already  referred  to.  Let  tq,  as 
before,  be  the  absolute  temperature  of  melting  ice;  pQ  v^y  the  pro- 
duct of  the  pressure  and  volume  of  unity  of  weight  of  the  fluid,  in 
the  per^edty  gaseous  state,  at  that  temperature  (of  which  quantity 
examples  are  given  in  Table  11.^  at  the  end  of  the  volume);  then 

By  the  aid  of  the  above  equation,  and  of  the  following  well  known 
theorem : — 


/     pdv=  f  * vdp-k-p^v^  —  p^v^ 


.(a) 


all  the  equations  of  the  preceding  sections  are  easily  transformed. 
The  gra[diic  representation  of  the  quantity  denoted  by  the  second 

term  of  equation  1  is  of  the  fol- 
lowing kind  (see  fig.  95) : — ^Let 
abscissfle  measured  along  OX 
represent  volumes  occupied  by 
one  pound  of  the  substance.  L^ 
ordinates  paiaUel  to  O  Y  repre- 
sent pressures  exerted  by  it.  It 
is  required  to  find  the  seoond 
term  of  the  thermodynamic  fime- 
tion  for  the  oonditkm  of  the 
substance  oorre&^Nmding  to  the 


^i^ 


Fig.  95. 


point  Aj  on  the  diagram,  whose  co-ordinates  are  O  V^  =  v,  and 
OP  =  VjAj  =  p ;  the  absolute  temperature  being  r.  Let  Aj  Tj  be 
the  isothermal  curve  of  r.  Then  the  indefinitely  extended  area 
X  O  P  Aj  Tj  is  what  is  represented  by 
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rp 


f 


^Vdp. 


J  d 


Let  A2  T^  be  the  isothermal  curve  corresponding  to  the  absolute 
temperature  t  -  A  t,  and  cutting  A^P  ||  O  X  in  Aj.  Then  the 
symbol 

represents  the  limit  towards  which  the  quotient 
areaTgAgAiT, 

approximates,  when  A  r  is  indefinitely  diminished. 

By  using  the  form  of  the  thermodynamic  function  explained  in 
this  Article,  the  general  equation  of  the  expansive  action  of  heat  in 
a  fluid  is  made  to  take  the  following  fonn : — 

-•^j|^/>3 (3.) 

a  form  which  is  convenient  in  cases  where  the  pressure  and  its 
mode  of  variation  are  amongst  the  primary  data  of  the  problem. 
It  will  be  shown  in  a  subaequent  Article,  that  the  constant  part 

of  the  oo-effident  of  dT^ia  the  dtfuamieal  spcG^  heal  of  the  Jhddy 
m  the  state  qfperfiet  gae,  wider  a  constant  jiressu/re, 

249.  PriMlpid  AwpUtMinrnm  mt  the  Iawb  mt  Ihe  ■zpauire  Actfrnt 

•THcitt. — The  relation  between  the  temperature,  preasare,  and 
volume  of  one  pound  of  any  particular  substance  being  known  by 
experiment,  the  principles  of  the  preceding  Articles  serve  to  com- 
|mte  the  quantity  of  heat  which  will  be  absorbed  or  rejected  by  one 
pound  of  &at  substance  under  given  circumstances;  and  conversely, 
in  some  cases  when  the  quantities  of  heat  absorbed  or  rejected 
nnder  given  drcnmstances  are  known  by  experiment,  the  same 
principles  serve  to  determine  relations  between  the  temperature, 
pressure,  and  density  of  the  substance.  The  chief  subjects  to  which 
the  principles  of  the  expansive  action  of  heat  are  applicable,  are 
the  following: — Eeal  and  apparent  specific  heat;  the  heating  and 
cooling  of  gases  and  vapours  by  compression  and  expansion;  the 
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velocity  of  sound  in  gases;  the  free  expansion  of  gases;  the  flow  of 
gases  through  orifices  and  pipes;  the  latent  and  total  heat  of  eya- 
poration  of  fluids;  the  latent  heat  of  fusion;  the  efficiency  of 
thermodynamic  engines.  The  last  of  those  subjects  is  that  to  which 
this  treatise  specially  relates;  but  in  order  to  make  it  intelligible, 
it  is  necessary  in  the  flrst  place  to  give  a  summary  of  the  principles 
of  the  subjects  enumerated  before  it. 

250.  Bcai  Midi  Appwrent  ApccMe  Heat. — These  terms  have  been 
explained  in  a  previous  Articla  The  symbolical  expression  for  the 
apparent  specific  heat  of  a  given  substance,  stated  in  units  of  work 
per  degree  of  temperature  in  unity  of  weight,  is  as  follows : — 

dJJ 

dr  dr  dr 

In  which  the  term  ifc  is  the  real  specific  heat,  or  that  which  actually 
makes  the  substance  hotter,  being  a  constcuit  quantity;  while  the 
other  term  represents  the  heat  which  disappears  in  performing 
work,  internal  and  external,  for  each  degree  of  rise  of  temperature. 

d'0  d-  ^^ 

The  co-efficients  -^ —  and  d  r  ,    represent    respectively    the 

dr 
complete  rates  of  variation  with  temperature  of  the  thermodyna- 
mic function  and  heat-potential,  under  the  circumstances  of  the 
particular  case.  With  respect  to  liquids  and  solids,  it  is  impossible 
to  regulate  artificially  the  mode  of  variation  of  the  thermodynamic 
function  to  an  extent  appreciable  in  practice.  For  substances  in 
these  states,  the  apparent  specific  heat  increajses  with  rise  of  tem- 
perature at  a  rate  which  is  slow,  but  which  appears,  sb  theory 
would  lead  us  to  expect,  to  be  connected  with  the  rate  of  expan- 
sioiL  For  gases,  the  mode  of  variation  of  the  thermodynamic 
fanction  wi^  temperature  may  be  regulated  artificially  in  an  arbi- 
trary manner,  so  as  to  vary  the  apparent  specific  heat  in  an  inde- 
finite number  of  ways.  It  is  customary,  however,  to  restrict  the 
term  "  Specific  heat "  in  speaking  of  gases,  to  two  particular  cases; 
that  in  which  the  volume  is  maintained  constant  during  the  variar 
tion  of  temperature,  and  that  in  which  the  pressure  is  maintained 
constant,  as  formerly  explained  in  Article  210.  The  specific  heat 
at  congUmt  volume,  is  expressed  as  follows,  in  units  of  work  per 
degree,  being  deduced  from  the  expression  for  the  thermodynamic 
function  in  Article  246,  equation  1 : — 

J«.  =  K.  =  fe  +  rf   j:^dv. (2.) 
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For  a  theoretically  perfect  gas, 

K.  =  ft. (2a.) 

The  specific  heat  under  eanstarU  preaswre,  deduced  from  the  expres- 
sion for  the  thermodynamic  function  in  Article  248,  equation  1, 
is  as  follows  : — 

Jc,  =  K,  =  k  +  ^-r/^|^.<f^. (3.) 

For  a  perfect  gas, 

K,  =  ft  +  ^», (3a.) 

being  simply  the  real  specific  heat  increased  by  the  work  performed 
by  unity  of  weight  of  the  gas  in  undergoing,  at  any  constant  pres- 
sure, the  expansion  corresponding  to  one  degree  of  rise  of  tempera- 
ture j  a  quantity  of  work  which  is  constant  for  a  given  perfect  gas 

under  all  circumstance&  The  quantities  -j-^  and-^— g,  represent- 
ing the  deviation  of  the  laws  of  the  elasticity  of  actual  gases  from 
those  of  the  ideal  condition  of  perfect  gas,  are  so  small,  that  their 
effects  on  apparent  specific  heat,  though  calculable,  fall  within 
the  probable  limits  of  errors  of  observation  in  the  direct  experi- 
ments hitherto  made  on  the  specific  heat  of  the  more  common 
gases,  such  as  air  and  carbonic  add.  Referring,  therefore,  to  the 
detailed  papers  already  cited  in  the  Trans,  of  the  Royal  Society  of 
EdvnJywrghy  voL  xx.,  for  computations  of  the  effects  of  such  devia- 
tions, it  will  be  sufficient  for  practical  purposes  to  consider  the 
specific  heats  of  gases  as  represented  by  the  formulse  2  a  and  3  a. 
The  specific  heats  of  gases,  as  expressed  in  the  customary  way,  by 
their  ratios  to  that  of  water,  are  found  by  dividing  the  quantities 
in  these  formulsB  by  Joule's  equivalent  (J),  and  may  be  thus  ex- 
pressed:— 

'^  =  -r''^  =  T"- (*•) 

Examples  of  specific  heat,  stated  in  both  ways,  are  given  in  Table 
IL,  at  the  end  of  the  volume.  Before  the  period  of  M.  Kegnault's 
experiments  on  a  great  variety  of  gases  and  vapours,  published  in 
the  Comptes  Rendvs  for  1853,  no  ixostworthy  direct  experimental 
determination  of  the  specific  heat  of  any  gas  or  vapour  existed,  ex- 
cept an  approximate  determination  by  Mr.  Joule,  made  in  1852,  of 
the  specific  heat  of  air ;  for  the  results  formerly  relied  upon  have 
been  shown  to  be  erroneoua  In  one  of  the  papers  referred  to  in 
the  preceding  Article,  however  {Edinburgh  Transactions,  1850),  the 
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dynamical  specific  heats  of  air  had  been  computed  from  the  follow- 
ing data : — 

Pq  v^  from  M.  Begnaidt's  experiments  26214  foot-pounds,     r^  = 
493^-2  Fahrenheit 

.•.  Ky  —  K^  ^^£2—9  =  53-15  foot-pounds  per  degree  of  Fahren- 

heit ;  being  the  energy  exerted  by  one  pound  of  air  in  undei^ing, 
at  a  constant  pressure,  the  expansion  corresponding  to  one  degree 
of  rise  of  temperature,  and  the  mechanical  equivalent  of  the  latent 
heat  of  expansion  of  the  air  under  those  circumstances,  which 
(as  stated  in  Article  212)  is  0*069  of  a  Bntish  thermal  unit,  = 
53-15 
772' 

y  =  ^j  as  deduced  from  the  velodiy  of  sound  in  air,  assmned 

in  the  paper  referred  to  as  approximately  ==  1  '4 ;  but  a  more  exact 
value  is  1*408.     Consequentiy, 

K^  —  ^2-if .     .    =  =  130*3  fooi-poundfl  per  degree 

of  Fahrenheit. 

K^^P^.  _y       ^  gg.j^  ^  1;408  ^  i3Q.3+g3.i5  ^  133.45 

^        To      y  —  1  0*408 

foot-pounds  per  degree  of  Fahrenheit  Hence  is  deduced  the  fol- 
lowing ratio  of  the  specific  heat  of  air  under  constant  pressoze  to 
that  of  water, 

K,_2?^-  0*2377 

Cy  according  to  M.  Regnault's  experiments,  published  ) 

Difference, 0*0002* 

*  In  the  cakolAtion  pnbliBhed  in  1850,  y  was  aflramed  =  1-4,  and  Cp  was  com- 
puted as  =  0-24;  but  the  calculation  just  given  being  founded  on  a  more  accurate 
value  of  y,  is  of  oourBC  to  be  preferred  as  a  test  of  the  dynamical  theoiy  of  heat  Mr. 
Joule's  approximate  determination  in  1S62  was  0*28.  According  to  the  ^^amical 
theory  of  heat,  the  apparent  specific  heat  of  a  gas  under  constant  pressure  is  senstft/jf 
die  Mome  at  cil  preawm  and  iemperaturet^  if  the  gas  is  nearly  perfect  Aoooidiag 
to  the  hypothesis  of  9ub$UaUial  cahnc,  that  specific  heat  dimxniihea  as  Ms  pressun 
tncreoMeSf  according  to  a  law  which  is  stated  in  many  treatises  on  physics,  eren  of  the 
most  recent  dates  (in  some,  indeed,  as  confidently  as  if  it  were  an  observed  fact).  The 
experiments  of  M.  Regnaidt,  by  which  the  specific  heat  of  air  under  constant  pressure 
was  determined  at  various  temperatures  from — 22^  Falir.  up  to  437**  Fahr.,  and  at 
various  pressures  of  from  one  to  ten  atmospheres,  and  found  to  be  sensibly  the  same 
under  all  these  dzaunstanoes,  constitute  '^experimenta  crude  "  oonduaive  against 
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251.  Keottaig  and  C^olteg  •f  Gases  aad  Taponn  hj  C^nprMoloa 
and  Bzpansian.— If  a  substance  wholly  or  partially  in  the  state  of 
gas  or  Tapour  be  enclosed  in  a  vessel  which  does  not  conduct  any 
appreciable  amount  of  heat  to  or  from  the  substance,  then  the  com- 
pression and  expansion  of  the  substance  through  valuations  of  the 
volume  of  the  vessel  will  produce  respectively  heating  and  cooling, 
according  to  a  law  expressed  by  the  condition,  that  the  thermo- 
dynamiic  function  is  constant. 

The  following  equations  contain  two  modes  of  expressing  this 
condition,  deduced  from  the  expressions  in  Articles  246  and  248 
respectively : — 

ft  hyp  log  T  +  I     ^  dv  =  constant, (1.) 

(ll+  ^)  hyp  log  r—  J^  "iP^dp  =  constant,...(2.) 

and  each  of  those  is  the  equation  of  an  adiuhaiic  cwrvc 
For  a  perfect  gas,  we  have 

4^  =  ^  and  4^=^^: (3.) 

dr       ToV  dr       TqP  ' 

hence  let  p^  v^  correspond  to  one  given  absolute  temperature  t^, 
and  ^2  ^2  ^  another  given  absolute  temperature  r^ ;  then  for  a  per- 
fect ga»,  or  a  gas  sensibly  perfect, 


t?i       y  —  1 


.(4.) 


These  equations  give,  for  the  law  of  expansion  of  a  perfect  gas, 
without  receiving  or  emitting  heat,  the  following  relation  between 
the  pi-essure  and  the  volume, 

p"^-^' <^> 

and  this  is  the  simplest  form  of  the  equation  of  an  adiabatic  curve 
for  a  perfect  ga&  The  values  of  the  several  exponents  in  equations 
4  and  5  for  air  are, 

that  "  idolon  fori/*  the  hypothesis  of  caloric  Those  experiments  also  afford  evidence 
of  the  fact,  that  the  scale  of  the  air  thermometer  sensibly  agrees  with  that  of  absolute 
temperatures. 


320  STEAM  AND  OTHER  HEAT  ENGINES. 

y  =   1*408 

y  —  1  =  0408 


1 


—  1 


=  3-451 


rzTT  =  3-451 
—     =  071 


y 

y-1 


=  0*29 


y 

For  STEAM  in  the  perfectly  gaseous  state,  taking  (as  in  Article 
202,  equation  4),  ^0  «^o  =  42141,  and  according  to  M.  Regnault's 
experiments,  K^  =  772  x  0475  =  3667,  we  find, 

y      =  1-304 
y  —  1  =  0304 

1 

=  3-29 


y  — 1 

y 
y— 1 


=  429 


1 
—  =0767 

y— 1 

L =  0233 

These  values,  however,  are  not  so  certain  as  those  of  the  corre- 
sponding quantities  for  air.  From  equation  1  is  easily  deduced  the 
law  of  the  variation  of  the  pressure  with  the  volume  of  any  fluid, 
whether  perfectly  gaseous  or  not,  enclosed  in  a  non-conducting 
vessel,  viz.  : — the  rate  of  vcMrUuion  of  the  presswre  with  the  volume 
when  the  fluid  is  endoeed  in  a  nonrcondiicling  veeed,  exceeds  the  rcUe 
of  varicUion  when  the  temperature  is  constcmt,  in  the  ratio  of  the 
appa/rent  speciAc  heat  of  the  fluid  at  constant  pressure  to  its  apparent 
specyic  heat  at  constant  vohime : — a  law  expressed  symbolically  as 
follows  : — 

dp 

d  '  p  ^  dT 

T-v-   -"     di^  (^•> 

dr 
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For  a  perfect  gas  this  becomes, 

d  '  p  ^  p 


dT^  ^^^ 


V 


as  equation  5  also  shows.  The  cooling  of  air  by  expansion  has  been 
applied  by  Dr.  Grorrie  to  the  manufecture  of  ice,  and  by  Professor 
Piam  Smyth  to  ventilation. 

252,  Teloelty  •f  Seand  In  Oaaea.* — The  velocity  of  sound  in  any 
fluid  is  well  known  to  be  equal  to  that  acquired  by  a  heavy  body 
in  idling  through  one-half  of  the  height  which  represents  the  varia- 
tion of  the  pressure  of  the  fluid  with  its  density  during  a  sudden 
change  of  density.  That  is  to  say,  let  a  be  the  velocity  of  sound 
in  feet  per  second,  g  the  accelerating  force  of  gravity  in  a  second 
=  32-2  feet  per  second,  D  the  weight  of  one  cubic  foot  of  the  fluid 

in  pounds  =      ,  and  p  its  elastic  pressure  in  pounds  per  square 

foot,  then 


a^y^t 


^  (1) 


During  the  tiunsmission  of  a  wave  of  sound,  the  compression  and 
expansion  of  the  particles  of  a  fluid  take  place  so  rapidly,  that  there 
is  not  time  for  any  appreciable  transmission  of  heat  between  dif- 
ferent particles,t  and  the  variations  of  the  pressure  and  density  are 
related  to  each  other  as  they  would  be  in  a  non-conducting  vessel; 
consequently,  if  h  represents  the  rate  of  variation  of  pressure  with 
density  at  a  constant  temperature,  then  it  follows  from  the  principle 

of  equation  6,  Art.  251,  that  ^—r  =r  y  h,  and 


(^=  J  gy  ^ (2-) 

This   equation  was  proved  long  ago  by  Laplace  and  Poisson,  for 
perfect  gases,  for  whick 

h^pv  =  ^  •  T (3.) 

but  it  is  true,  as  we  have  seen,  for  all  fluids  whatsoever. 

Applying  the  formula  to  air,  considered  as  a  sensibly  perfect  gas, 
with  the  following  data : — 

*  In  this  Article  the  sounds  are  supposed  to  be  of  moderate  intensity,  so  that  there  is 
no  sensible  acceleration  of  the  sound  due  to  the  cause  inyes  tigated  by  Mr.  Eamshaw : 
as  to  which  see  Proc  Roy.  Soc,  1859. 

t  Proved  by  Frot  G.  G.  Stokes. 

r 
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y  =  1-408  ;/)oro=  26214;  t  =  to; 

Feet 
The  following  is  found  to  be  the  velocity  of  sound  in    per  aeoood. 
pure  diy  air  at  the  temperature  of  melting  ioe, 10902 


The  velocity  by  experiment  is 

According  to  MM.  Bravaas  and  Martins, 1090*5 

According  to  MM.  Moll  and  Yan  Beek,  10901 

Experiments  on  the  velocity  of  sound  serve  to  determine  the  ratio  7 
of  the  specific  heats  of  a  gas  at  constant  pressure  and  at  constant 
volume.  For  oxygen,  hydrogen,  and  carbonic  oxide,  it  is  nen- 
sibly  the  same  as  for  air;  for  carbonic  acid,  considerably  less. — 
(Ediribwrgh  TranaacUons,  voL  xx.) 

253.  Vroe  MxfmmaAmm  mf  CI— m  Ui4  TapMna. — ^When  the  expan- 
sion of  a  gas  takes  effect,  not  by  enlai^g  the  vessel  in  whidi  it 
is  contained,  and  so  peiforming  work  on  external  bodies,  but  by 
propelling  t^e  gas  itself  from  a  space  in  which  it  is  at  a  higher 
pressure  p^^  into  a  space  in  which  it  is  at  a  lower  pressure  p^^  a 
portion  of  energy  represented  by 


r'vdp 


is  employed  wholly  in  agitating  the  particles  of  the  gas;  and  when 
the  agitation  so  produced  has  entirely  subsided  through  tiie  mutual 
friction  of  those  particles,  an  eqidvalent  quantity  of  heat  is  developed, 
which  neutralizes  the  previous  cooling,  wholly  if  the  gas  is  perfect, 
partially  if  it  is  imperfect  The  equation  representing  the  reemlt  of 
this  process  is  the  following : — 


f^'  rrf^  =  {^^  V  dp (1.) 

J  ^i  J  Pa 


In  this  equation,  let  the  thermodynamic  frmction  be  expressed  in 
terms  of  the  temperature  and  pressure,  as  in  Article  248,  and  let  K, 
be  put  for  its  own  value,  according  to  Article  250,  equation  3  ; 
then  we  have 

n.^'-i:i-p-')'' <^> 

This  quantity  represents  the  amount  whereby  the  heat  reproduce<l 
by  friction  falls  short  of  that  which  disappears  during  the  expaD- 
sion,  and  for  a  perfect  gas  is  nuU.  The  phenomenon  here  in  ques- 
tion was  first  employed  by  Mr.  Joule,  and  Professor  William  Thom- 
son, jointly,  to  determine  experimentally  the  relation  between  tiie 
absolute  scale  of  temperature,  and  that  of  the  air  thermometei*, 
which  had  previously  been  to  a  considerable  extent  a  matter  of 
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conjecture  and  hypothesis.  In  snch  experiments  the  variation  of 
temperature  which  takes  place  is  very  small,  hence  we  may  put 
approximately 

where  «•  is  the  mean  of  ^^  and  r^  and 


is  the  final  cooling  effect  Let  T  represent  temperature  measured 
by  the  air  thermometer  on  the  ordinary  scale,  and  k  the  dynamical 
specific  heat  of  the  gas  under  constant  pressure  as  referred  to  this 
scale,  which  is  formed  by  multiplying  the  specific  heat  as  given  by 
M.  Begnault^  by  Joule's  equivalent.  Let  the  absolute  tempera- 
ture T  be  regarded  as  a  function  of  T, 

whose  form  is  to  be  ascertained.     Then  for  equation  3  we  may  put 

».T=(f^^.^-i) /;;.., (4, 

Each  experiment,  on  cooling  by  free  expansion,  gives  a  value  of  the 
cooling  effect  a  T,  corresponding  to  a  particular  pair  of  pressures 
Pv  P^  'r^®  relations  between  p,  Vy  and  T,  are  given  by  formulae, 
founded  on  M.  B,^;nault's  experiments  on  the  elasticity  of  gases, 
and  already  exempSfied  in  Article  202,  equations  2  and  3.  Conse- 
quently from  each  experiment  on  free  expansion,  there  can  be  cal- 
culated the  value  of  f^^J  =  — ,  ,y  ^,  for  a  particular  tempe- 
rature T  on  the  air  thermometer.  This  function,  when  multiplied  by 
Joule's  equivalent,  is  called  "  Camot's  Function,"  being  a  function 
of  which  .Camot  pointed  out  the  existence,  but  fkiled,  from  reasons 
stated  in  the  historical  sketch,  to  discover  the  form.  Those  experi- 
ments on  free  expansion,  so  far  as  they  have  yet  been  carried 
(having  been  made  on  air  and  carbonic  acid),  indicate,  that  the 
absolute  zero  of  heat  does  not  appreciably  differ  from  that  of 
gaseous  tension,  and  that  the  scale  of  absolute  temperature  sen- 
sibly coincides  with  that  of  the  perfect  gas  thermometer.  {Phil, 
Tr(m8.y  1854.)  This  fisujt  having  been  established,  experiments  on 
free  expansion  become  an  easy  and  accurate  means  of  ascertaining 
the  relations  between  the  pressures,  temperatures,  and  densities  of 
various  elastic  fluids.     Experiments  on  the  free  expansion  of  steam 
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have  been  made  by  Mr.  C.  W.  Siemens,  and  show  (as  theoiy  leads 
tis  to  expect),  that  steam,  after  having  been  freely  expanded,  is 
superhecUed,  or  above  the  temperature  of  saturation  corresponding 
to  its  pressure. 

254.  Ftow  •f  CtaiMs« — The  principles  of  the  flow  of  a  perfect  gas 
through  an  oiifioe,  as  deduced  from  the  laws  of  thermodynamics, 
were  investigated  in  1856  by  Messrs.  Thomson  and  Joule  (see  Froc 
Roy.  Soc,,  May,  1856),  and  by  Plnofessor  Julius  Weisbach  {Cwilin- 
ffenieur,  1856).  The  demonstration  of  those  principles  is  given  in 
A  Mcmual  of  Applied  Mechanics,  Articles  637,  637  a.  For  the 
purposes  of  t^e  present  treatise,  it  is  -unnecessary  to  give  more  than 
the  results. 

Let  the  pressure,  density,  and  absolute  temperature  of  a  gas 

within  a  vessel  be  p,,  — ,  Tj,  and  without  the  vessel,  p^  — ,  t^; 

Let  O  be  the  area  of  an  orifice  through  which  the  gas  escapes 
from  the  vessel ; 

kj  a  co-efficient  of  contractiony  or  of  efflux,  so  that  the  effective  area 
of  the  orifice  is  ^  O; 

Uy  the  maximum  velocity  which  the  particles  of  the  gas  acquire 
in  escaping,  when  there  is  no  friction ; 

W,  the  weight  of  the  gas  which  escapes  in  a  second;  then, 


©' w 


The  value  of  the  co-efficient  of  efflux  k  has  been  found  experi- 
mentally by  Professor  Weisbach,  for  air  with  various  forms  of 
outlet,  with  the  following  results : — 

Conoidal  mouthpieces,  of  the  form  of  the  con-  \  h 

tracted  vein,  with  effective  pressures  of  from  \  0*965  to  O'pSg 

•23  to  I'l  atmosphere, ) 

Circular  orifices  in  thin  plates, 0'555  *o  0-787 

Short  cylindrical  mouthpieces, 0730  to  0*833 

The  same,  rounded  at  the  inner  end, 0*927 

Conical  converging  mouthpieces,  the  angle  ^^l  0010  to  o*o6a 
convergence  about  7°  9', j      ^  ^  "* 

For  further  details,  see  Professor  Weisbach's  paper  in  the  CivH- 
ingenieur. 

The  principles  of  the  flow  of  liquids  may  be  applied  without 
sensible  error,  to  gases  made  to  flow  by  small  diflerences  of  pres- 
sure, as  in  the  case  of  the  draught  of  chimneys,  Aiiicle  233. 
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255.  l<ateBt  HMt  •r  BTap«ni«i«n. — It  is  known  by  experiment, 
that  the  pressure  under  which  a  fluid  boils  at  a  given  temperature 
(being  the  least  pressure  under  which  it  can  exist  in  the  liquid 
state,  and  the  greatest  under  which  it  can  exist  in  the  gaseous 
state,  at  the  given  temperature),  is  a  function  of  the  temperature 
only  (see  Article  206,  Division  III.,  page  237,  and  Tables  IV.,  V., 
and  VI.,  at  the  end  of  the  volume).  Let  v'  be  the  volume  occupied 
by  one  pound  of  a  fluid,  when  in  the  liquid  state,  at  the  absolute 
temperature  t,  and  under  the  corresponding  pressure  of  ebullition  p, 
and  V  the  volume  of  the  same  weight  when  in  the  state  of  saturated 
vapour  at  the  same  pressure  and  temperature.  Then  on  applying 
equation  2,  of  Article  246,  to  this  case,  we  find  that  because  the 
temperature  is  constant,  the  first  term  is  =  0 ;  and  because  the 

pressure  is  constant,  the  fSsictor  r  -^  of  the  second  term  is  constant; 

so  that  the  int^ral  is 

H  =  r^(„-«^, (!•) 

which  is  the  value  in  units  of  work  of  the  heat  which  disappears  in 
evaporating  one  pound  of  the  fluid  at  the  given  temperature.    Now 

suppose  the  weight  of  fluid  evaporated  to  be -? ;  that  is  to  say, 

BO  much  of  the  fluid,  that  its  increase  of  bulk  in  the  act  of  evapor- 
ating is  one  cubic  foot;  then 

L  =  -^  =  ,|£ (2.) 

will  be  the  laixmJ^  heat  of  evaporcUian  in  foot-Jhs,  per  cubic  foot  of 
space.  This  law  enables  us  to  compute  the  quantity  of  heat 
expended  in  propelling  a  piston  through  a  given  space,  by  means 
of  a  given  vapour  <xt  fuU  preasure  and  at  any  temperature,  simply 
from  the  relation  between  the  temperature  and  the  pressure  of 
ebullition,  and  without  knowing  the  densily  of  the  vapour.  The 
rate  of  increase  of  the  pressure  of  ebullition  with  the  temperature, 

-T^  may  be  computed  either  from  a  table  of  such  pressures  for  the 

fluid  in  question  (such  as  those  given  by  M.  Eegnault  in  the 
Memoires  and  Comptes  JRendus  of  the  Academy  of  Sciences),  or 
from  formula  of  the  following  form,  deduced  from  that  given  in 
Article  206,  Division  IIL :— 

L='5?=p^^¥)''ypi°«io w 

(hyp  log  10  =  2-3026  nearly). 
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For  the  values  of  B  and  C  for  certain  flnidfii,  see  the  table  in  |iage 
237.  j»  is  of  course  to  be  computed  in  lbs.  on  the  square/ooL 
■  This  was  the  formula  employed  in  computing  the  numbers  in  the 
columns  headed  L  in  Tables  lY.  and  Y.  at  the  end  of  the  volume. 
256.  CMqMtBUMi  •£  the  DcMltr  •f  Tayear  Hmmi  the  IjmUmM  Heat. 
— As  has  been  stated  in  Article  202,  and  in  Article  206,  Division 
IIL,  the  densities  of  vapours  are  but  imperfectly  known  by  direct 
experiment.  The  density  of  a  vapour  at  saturation  at  a  given 
temperature  may  be  computed  indirectly  in  the  following  man- 
ner : — ^Let  L  be,  as  above,  the  latent  heat  per  cubic  foot,  and  H  the 
latent  heat  per  pound  of  the  fluid,  ascertained  by  experiments  (such 
as  those  of  M.  Begnault  on  water,  and  of  Dr.  Andrews  on  other 
fluids).     Then 

^-^^  =  ? (1.) 

is  the  increase  of  volume  of  one  pound  of  the  fluid  in  evaporating, 
from  which  the  densily  of  the  vapour  is  easily  calculated.  The 
densities,  thus  computed,  of  the  vapours  of  sether  and  sulphuret  of 
carbon,  at  their  boiling  points  under  the  mean  atmospheric  pressure 
(2116-4  lb.  per  square  foot)  agree  almost  exactly  with  those  com- 
puted from  the  chemical  composition  of  ihose  vapours,  supposing 
them  to  be  perfectly  gaseous.  The  densities  of  the  vapours  of  water 
and  alcohol  as  computed  from  their  latent  heats  of  evaporation, 
are  greater  than  those  corresponding  to  the  perfectly  gaseous  state. 
For  steam  at  low  pressures  the  difierence  is  trifling,  but  increases 
rapidly  as  the  pressure  increases.     (Proc,  Roy,  Soc.  Edin.,  1855.) 

Example. —  jti  =  2116-4  (one  atmosphere). 

Mtber,  Biaolph.  of  Carbon.    Watar. 

Boiling  points  (ordinary  scale),       95°  ii4°8           212° 
Weight  of  one  cubic  foot  of 

vapour — 

Calculated  from  latent  heat,,..  0*1853 1^*  o'i829  lb.  0-03790  lb. 

Calculated  as  perfect  gas  from  )        o  -ic  o                   ^^ 

chemical  compodtton, \  "'^^^  °'^«30        0-03679 

Diflerenoes, 0-0003  o-oooi        o'ooiii 

The  quantities,  in  the  column  headed  D,  in  Table  IV.,  are  tlie 

values  of ^,  as  calculated  by  this  method.      They  agree  so 

nearly  with  the  values  of  -,  that  the  difference,  though  capable  of 
being  computed,  is  unimportant  in  practice.     In  Table  VI.,  the 
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values  of  v  are  gbr&l  in  the  column  headed  Y.  (See  the  remarks 
on  those  tables  at  the  foot  of  page  231,  and  top  of  page  232.) 

257.  Total  Heat  •fBrapOTBitoB.^ — ^The  total  heat  of  evaporation  of 
unity  of  weight  of  a  ^xdd,Jrom  one  temperature,  a<  anoljier  tempe- 
rature, is  the  quantity  of  heat  required  to  raise  the  temperature  of 
unily  of  weight  of  the  fluid  from  the  first  temperature  to  the  second, 
and  then  to  evaporate  it  at  the  second  temperature.  Some  fixed 
temperature,  such  as  that  of  melting  ice,  is  usually  taken  for  the 
first  temperature.  It  is  deducible  from  equation  3,  of  Art.  248, 
that  the  total  heat  of  evaporation  of  one  pound  of  a  fluid,  whose 
vapour  is  sensibly  a  perfect  gas,  and  very  bulky  as  compared  with 
the  liqmd,  Jrom  r^  at  r^  is  sensibly  equal  to 

Ho  +  B,(r,-ro) (1.) 

In  which  Hq  is  latent  heat  of  evaporation,  in  foot-pounds,  of  the 
fluid  at  the  temperature  r^,  and  K,  is  the  dynamical  speciflc  heat 
of  its  gas  under  constant  pressure.  This  equation  is  demonstrated 
by  a  diflerent  process  in  the  EdivJbwgh  TrcmaacUons  for  lS60j 
voL  XX.  The  demonstration  of  a  principle  which  includes  it  will 
be  given  in  the  next  Artida  Steam  is  not  a  perfect  gas ;  and  its 
total  heat  of  evaporation,  as  ascertained  by  experiment,  is  expressed 
in  foot-pounds,  by  multiplying  equation  2  of  Article  215,  by  Joule's 
equivalent,  as  follows  : — 

Ho  +  a('i--o); (2.) 

in  which  a  is  a  certain  constant,  less  than  the  specific  heat  under 
constant  pressure,  K,.  According  to  M.  K^piault*s  experiments, 
let  vq  be  tiie  absolute  temperature  of  melting  ice;  then 

Ho  =  842872  pounds. 

a    =  235  foot-pounds  per  degree  of  Fahrenheit.* 

It  is  by  means  of  equation  2,  that  the  quantities  in  the  column 
headed  H,  in  Table  YI.,  at  the  end  of  the  volume,  were  com- 
puted. 

258.  Tottd  HMt  •€  CtaMflcattoB. — The  law  of  the  total  heat  of 
gaaefication  has  been  ahready  stated  in  Article  215  b  (or  216,  as  it 
ought  to  have  been  numbm^d).  It  may  be  demonstrated,  either 
by  the  aid  of  the  form  of  the  thermodynamic  Amotion  given  in 
Article  248,  or  by  a  direct  process. 

The  first  method  of  demonstration  is  as  follows  : — 

*  The  Ibrm  of  equation  2  was  bypotheticallj  antic^ted  bj  Sir  John  Lubbock  in 
1840. 
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Let  K, = it  +  -—^  be  the  dynamical  specific  heat  under  constant 

pressure,  of  a  given  substance  in  the  state  of  perfect  gas. 

Let  Tq  be  a  temperature  so  low,  that  the  saturated  vapour  of  the 
substance  is  sensibly  a  perfect  gas  at  that  temperature.  (This,  for 
example,  is  the  case  for  water  at  32^  Fahr.) 

Let  />^  be  a  constant  pressure  to  which  the  substance  is  sub- 
jected; 

Let  Tj  be  a  temperature  so  high,  that  at  that  temperature,  and 
under  the  pressure p^,  the  substance  is  sensibly  a  peifect  gas; 

Let  the  substance,  by  communicating  heat  to  it,  be  brought  from 
a  condition  of  great  density,  whether  in  the  liquid  or  solid  state,  at 
Tq,  to  the  perfectly  gaseous  condition  at  T^;  under  the  constant 
pressure  p ^ ; 

The  volume  in  the  denser  condition  must  be  supposed  to  be  inap- 
preciable, when  compared  with  that  in  the  gaseous  condition. 

The  thermodynamic  function,  as  given  in  Article  248,  in  terms  of 
the  absolute  temperature  and  the  pressure  as  independent  variables, 
is 

^.KphyplogT- J^^f^p (I.) 

The  heat  absorbed  by  the  substance,  during  any  indefinitely 
small  change  of  temperature  d  r  and  of  pressure  dp,  is 

<iH-.r,,^r(^/^ar+^9ap) (2.) 

In  the  present  case,  the  pressure  is  constant;  and  therefore  the 
term  in  which  dp  is  a  factor,  vanishes;  and  the  int^ration  to  be 
performed  is  as  follows : — 

"^'('.-'j-/:./:^-"^" w 

Now,  because  the  substance,  when  at  the  higher  limit  of  tempera- 
ture Tj,  is  sensibly  a  perfect  gas,  the  co-efficient-^-^  at  that  tempe- 
rature is  sensibly  =  0.  Therefore  the  value  of  the  second  term  of 
the  above  formula  does  not  sensibly  vary  with  the  higher  tempera- 
ture Tj,  and  is  sensibly  the  same  as  if  r j  were  =  tq.  Now  in  that 
case  we  should  hav^ 
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Hi  =  B^, 

Hq  being  the  IcUent  Iieat  of  evaporation  (in  foot-pounds),  of  one 
pound  of  the  substance  at  the  temperature  v^;  so  that^  for  equa- 
tion 3,  may  be  substituted  the  following : — 

J  ^,  =  H,  =  H^  +  Kp  (r,  —  ro) 

=  JAo  +  J<^p(Ti-To) (4.) 

which  is  the  law  formerly  stated,  when  applied  to  quantities  of 
heat  expressed  in  foot-pound& 

The  seamd  method  of  demonstration  is  as  follows  : — 

In  fig.  96,  as  usual,  let  ab- 
Bcissse  parallel  to  O  X  repi-e- 
sent  the  volumes  in  cubic  feet 
assumed  by  one  pound  of  the 
substance  in  question,  when 
in  the  gaseous  state  (its  vo- 
lumes in  the  liquid  state  being 
neglected  as  inappreciable 
when  compared  with  its  vo- 
lumes  in  the  gaseous  state),  *^' 

and  ordinates,  parallel  to  O  Y,  its  pressures  in  pounds  on  the 
square  foot  Let  TT  be  the  isothermal  curve  for  the  vapour 
at  a  given  absolute  temperature  r^  which,  as  the  vapour  is  perfectly 
gaseous,  is  a  common  hyperbola,  the  rectangles  of  its  co-ordinates, 
such  as  AB  X'BT^  DC  X  C F,  being  equal  for  every  point, 
and  represented  symbolically  by 

jpv=yt/=P0t70  •  '^-  =  constant 

where ;>  =  BE';  v  =  AB;p'=zC¥;  «?'  =  Da 

Let  H,  H'  denote  the  values  of  the  total  heat  of  gasefication 
under  the  pressures  p,  p^  respectively,  for  the  same  limits  of  tem- 
perature, r^,  rj. 

Then,  Fibst,  The  total  heat  of  gasejlcation  is  independeni  of  the 
pressure:  that  is,  H'  =  H. 

This  is  proved  as  follows.  Let  the  substance  undergo  the  fol- 
lowing cycle  of  operations  : — 

I.  Gasefication  from  r^  to  r^,  under  the  pressure  p.     In  this  case, 

The  heat  absorbed  is H 

The  energy  exerted  by  the  fluid  on  a  piston p  v 

II.  Expansion  at  the  constant  temperature  r^,  from  the  volume 
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V  to  the  volume  t/.  In  this  case,  as  the  substance  is  perfectly 
gaseous,  the  heat  absorbed  and  the  energy  exerted  on  a  piston  are 
each  of  diem  represented  by  the  area 

EBCF=:ABCD=  f'  pdv,=:  f^  vdp. 

J  V  J  p' 

III.  Condensation  &om  n,  and  cooling  to  tq,  iinder  the  pressure 
p'.     In  this  case, 

The  heskt gwenoiU  is ...H' 

The  energy  exerted  5y  the  piston  on  the  fluid ^  t/. 

Hence,  the  heat  which  disappears  during  the  cycle  of  operations,  is 
K+  jpdv  —  K'. 
The  resultant  or  effectiye  energy  exerted  by  the  gas  on  the  piston, 

=  area  ABCD  =  /t7rfjp=  fpdv. 

And  by  the  First  Law  of  Thermodynamics,  those  quantities  are 
equal;  therefore, 

H  — H'  =  0;  orH'=H; 

— Q.  E.  D. 

Se^ndlt,  Let  H0  be  the  latent  heat  of  evaporation  at  a  tem- 
perature Tq,  at  which  the  saturated  vapour  is  sensibly  a  perfect  gas, 
and  H^  the  total  heat  of  gasefication  at  any  higher  temperature  T. 
under  any  constant  pressure.  Suppose  the  gas  to  be  first  produced 
by  evaporation  at  T0,  and  then  raised  under  a  constant  pressure  to 
T^;  the  expenditure  of  heat,  in  foot-pounds,  per  pound  of  gas,  will 
be  independent  of  the  pressure,  and  wiU  be 

H,=Ho  +  Kp(Ti-To), 

as  before  proved — Q.  K  D. 

Taking  for  Tq  the  temperature  of  melting  ice,  we  have,  for  steam 
in  the  perfectly  gaseous  condition,  or  Steam-Gas, 

Ho  =  842872  foot-pounds, 

Kp=  0-475  X  772  =  366-7  foot-pounds  per  degree  of 

Fahrenheit  above  32°, 

H  =  842872  +  366-7  (T  —  32^. 


(5.) 

From  this  formula  have  been  calculated  the  numbers  in  the 
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column  headed  H,  in  a  TcMe  of  the  Elastidtj/  <md  Total  Heat  of 
One  Fotmd  of  Steam-Gaa,  which  will  be  given  in  a  subsequent 
Article. 

258  A.  listent  Heat  •f  Fni«n— When  freezing  and  melting  are 
accompanied  by  a  change  of  volume,  the  latent  hwat  of  fusion  is  sub- 
ject to  a  law  analogous  to  that  given  in  Article  255  for  the  latent 
heat  of  evaporation,  viz.,  let  v  be  the  volume  of  unity  of  weight  of 
the  substance  in  the  Hquid  state,  v*  the  volume  in  tiie  solid  state, 

T  the  absolute  temperature  of  fusion,  and  -—  the  reciprocal  of  the 

rate  at  which  that  temperature  varies  with  the  external  pressure 
under  which  fusion  takes  place ;  then  the  latent  heat  of  fusion,  in 
units  of  work,  is 

^  =  'JT  ^"-'^ <1> 

When  the  latent  heat  and  temperature  of  fusion,  and  the  alteration 
of  volume  v  — i/,  are  known  by  experiment  for  a  given  substance, 
the  alteration  of  the  temperature  of  fusion  by  pressure  may  be  com- 
puted by  the  following  formula : — 

dr    _  riv  —  v) 

T^  - — H      W 

When  the  bulk  of  the  substance  in  the  solid  state  exceeds  that  in 
the  liquid  state  (as  is  the  case  for  water,  antimony,  cast  iron,  and 

according  to  Mr.  Nasmyth,  for  many  other  substances),  then  ^-^ 

is  negative :  that  is,  the  temperature  of  fusion  is  lowered  by  pressure ; 
a  principle  first  pointed  out  by  Mr.  James  Thomson,  as  a  conse- 
quence of  Camot's  theory  {Edirdywrgh  TrmisacHons,  voL  xvi)  For 
water  we  have  the  following  data : — 

V  =  0-016    cubic  foot  per  pound, 

i/=  0-0174 

T  =  493^-2  Fahr. 

H=  142  X  772  =  109624  foot-pounds ; 

consequently,  —  -j^  =  0  0000063  Fahrenheit,  being  the  amount 

by  which  the  melting  point  of  ice  is  lowered  for  each  pound  of  pres- 
sure on  the  square  foot.  An  cUmosphere  of  pressure  being  2,1 16  lbs. 
per  square  foot,  we  have,  for  the  lowering  of  the  melting  point  per 
atmosphere  of  pressure, 
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2116  X   f—^\=  0»-0133  Fahrenheit, 
a  result  verified  by  the  experiments  of  Professor  William  Thomson. 

Section  3. — Efficiency  of  the  Fluid  in  Heat  Engines  in  general. 

259.  AiudTSls  •£  the  Bflcleacy  •f  Hc«t  Bn^ivM.— If  ^Q  number 
of  British  thermal  units  produced  by  the  combustion  of  one  pound 
of  a  given  kind  of  fuel,  be  multiplied  by  Joule's  equivalent,  772 
foot-pounds,  the  result  is  the  total  heat  o/"  combustion  of  the  fdel  in 
question,  expressed  in  foot-pounds.  For  different  kinds  of  fuel,  as 
may  be  deduced  from  the  data  in  Article  227,  this  quantity,  in 
round  numbers,  ranges  between  5,000,000  and  12,000,000  foot- 
pounds. This  total  heat  is  expended,  in  any  given  engine,  in  pro- 
ducing the  following  effects,  whose  sum  is  equal  to  the  heat  so 
expended : — 

1.  The  fvaste  heat  ofihejwmace,  being  from  0-1  to  0*6  of  the  total 
heat,  according  to  the  construction  of  the  furnace,  and  the  skill 
with  which  the  combustion  is  regulated.     See  Article  234. 

2.  The  necessarUy-rejected  heat  of  the  engine,  being  the  excess  of 
the  whole  heat  communicated  to  the  working  fluid  by  each  pound 
of  fuel  burned,  above  the  portion  of  that  heat  which  permanently 
disappears,  being  replaced  by  mechanical  enei^. 

3.  The  heat  toasted  by  this  engine,  whether  by  conduction  or  by 
non-fulfilment  of  the  conditions  of  maximum  efficiency. 

4-  The  useless  work  of  the  engine,  employed  in  overcoming  fric- 
tion and  other  prejudicial  resistances. 

5.  The  useful  vx)rk.  The  efficiency  of  a  heat  engine  is  improved 
by  diminishiiig  as  far  as  possible  the  first  four  of  those  effects,  so  as 
to  increase  the  fifth. 

It  appears  then  that  the  efficiency  of  a  heat  engine  is  the  pro- 
duct of  three  factors;  viz. : — L  The  efficiency  of  the  fwmace,  being 
the  ratio  which  the  heat  transferred  to  the  working  fluid  bears  to 
the  total  heat  of  combustion ;  II.  The  effi^dencu  of  the  fluid,  being 
the  fraction  of  the  heat  received  by  it  which  is  transformed  into 
mechanical  energy ;  and.  III.,  The  efficiency  of  the  vnechamsm, 
being  the  fraction  of  that  energy  which  is  available  for  driving 
machines. 

The  first  of  those  factors, — ^the  efficiency  of  the  furnace, — ^has 
been  considered  in  Chapter  II.,  and  especially  in  Article  234  :  the 
second, — the  efficiency  of  the  fluid, — is  the  special  subject  of  the 
present  section;  the  third  will  be  considered  in  a  subsequent 
section. 

260.  Aedmn  •€  the  Crlloder  uid  Ptot»n~Indlcaied  P«wer.--The 
part  of  a  heat  engine  in  which  the  fluid  performs  work  consists 
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essentially  of  an  enclosed  space  whose  volume  is  capable  of  being 
alternately  enlarged  and  contracted,  by  the  motion  of  one  of  its 
boundaries.  The  enclosed  space  is  of  a  cylindrical  form,  in  all 
engines  that  are  extensively  used  in  practice;  and  it  is  called  the 
CYLINDER,  even  in  those  exceptional  engines  in  which  it  has  some 
other  figure.  Its  moveable  boundary  is  called  the  piston,  and  is 
usually  a  cylindrical  disc  fitting  the  cylinder,  in  which  it  moves  to 
and  fiv>  in  a  straight  line.  In  some  exceptional  engines  the  piston 
has  other  forms,  but  its  action  always  is  to  increase  and  diminish 
alternately  the  volume  of  a  certain  enclosed  space. 

The  steam  or  other  working  fluid,  while  it  is  entering  the  cylin- 
der and  expanding,  drives  the  piston  before  it,  and  exerts  on  the 
piston  an  amount  of  energy  equal  to  the  product  of  the  volume 
swept  through  by  the  piston  into  the  mean  intensity  of  the  pressure 
of  the  fluid.     This  operation  is  Wieforvxird  stroke. 

During  the  rettMrrif  or  backward  stroke,  the  piston  drives  the  fluid 
before  it,  and  either  expels  it  from  the  cylinder,  or  compresses  it, 
or  expels  part  and  compresses  part;  and  in  so  doing  the  piston 
exerts  energy  upon  the  fluid  to  an  amount  equal  to  the  product  of 
the  volume  swept  through  by  the  piston  into  the  mean  intensity  of 
the  pressure  of  the  fluid,  which  is  now  called  ba>ck  pressure. 

The  excess  of  the  energy  exerted  by  the  fluid  on  the  piston  dur- 
ing the  forward  stroke  above  the  energy  exerted  by  the  piston  on 
the  fluid  during  the  return  stroke,  is  the  effective  CTicrgy  exerted  by 
the  fluid  on  lie  piston  during  one  complete  stroke,  or  revoliUion, 
consisting  of  a  forward  stroke  and  a  return  stroke,  and  is  equal  to 
the  ux>rk  performed  by  the  piston  in  overcoming  resistance  other 
than  the  back  pressure  of  the  fluid ;  and  the  amount  of  that  work 
in  some  definite  time,  as  a  second,  a  imnute,  or  an  hour,  is  the 
INDICATED  power  of  the  engin& 

The  method  of  computing  that  power  from  the  diagram  di-awn  by 
the  indicator  of  a  working  engine  has  been  explained  in  Article  43. 

It  is  to  be  borne  in  mind  in  such  calculations  (as  has  been  ex- 
plained in  Article  6),  that  the  spaces  swept  through  by  the  piston, 
and  the  intensities  of  the  pressure,  must  be  stated  in  such  units  that 
the  product  of  a  space  into  the  intensity  of  a  pressure  shall  give  a 
quantity  of  work  in  foot-pound&  Thus,  for  quantities  of  work  in 
foot-pounds — 


UNIT  OF  PRESSURE. 

One  lb.  on  the  square  foot. 
One  lb.  on  the  square  inch. 


UNIT  OP  SPACE. 

One  cubic  foot. 

A  prism  a  foot  long  and  an  inch 

square,  =  -jrr  cubic  foot; 
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and  for  quantities  of  work  in  kUofframmetres — 


UNIT  OP  PRESSURE. 

One  kilogramme  on  the  square  ) 
metre, j 

One  kilogramme  on  the  square  ) 
centimetre, / 

One  kilogramme  on  the  square  ) 
millimetre, » / 


UNIT  OP  SPACE. 


One  cubic  metre. 

^J^  cubic  metre  =lutr«. 


1,000,000 
litre. 


cubic  metre  = 


1 


i,oou 


The  method  of  computing  the  power  of  a  double-acting  engine, 
by  finding  separately  the  quantities  of  effective  energy  exerted  on 
the  two  sides  of  the  piston,  and  sulding  them  together,  has  been 
sufficiently  explained  and  illustrated  in  Article  43,  pages  50,  51. 

261.  Doable  CjUnder  Bh«Imc«— 0«iitbtaial«m  •£  I»Ui«mM. — ^In  a 
double  cylinder  engine,  the  steam  or  other  fluid  performs  its  work 
in  two  cylinders,  a  smaller  and  a  larger,  which  at  certain  periods 
communicate  with  each  other.  In  some  cases  the  functions  of  two 
cylinders  are  performed  by  the  two  ends  of  one  cylinder.  The 
details  of  such  engines  will  be  explained  in  a  future  chapter;  the 
object  of  the  present  Article  being  to  show  how  the  indicator-dia- 
grams of  work  obtained  fix)m  a  double  cylinder  engine  are  to  be 
combined,  so  as  to  produce  the  diagram  that  woidd  have  been 
obtained  had  the  fluid  performed  the  same  work  by  going  through 
the  same  series  of  changes  of  pressure  and  volume  in  one  cylinder. 
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To  fix  the  ideas,  the  fluid  will  be  spoken  of  as  steam;  although  the 
principles  are  applicable  to  any  fluid.  The  steam,  then,  is  first 
admitted  from  the  boiler  into  the  smaller  cylinder,  until  it  fills  a 
certain  volume,  represented  by  B  C  in  fig.  97 ;  the  absolute  pressure 
is  repi-esented  by  the  height  of  B  C  above  the  zero  line  P  O  Q.  The 
admission  of  the  steam  is  then  cut  off,  and  it  expands  in  the 
smaller  cylinder  with  a  pressure  gradually  diminishing,  as  shown 
by  the  ordinates  of  the  curve  CD.  D N  being  let  fell  perpen- 
dicular to  O  Q,  ON  represents  the  whole  space  swept  through  by 
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the  pifiton  of  the  smaller  cylinder  duiing  its  forward  stroke.  At 
the  end  of  that  stroke,  a  communication  is  opened  between  the 
smaller  and  the  larger  cylinder;  and  the  forward  stroke  of  the 
piston  of  the  larger  cylinder  takes  place  at  the  same  time  with  the 
rettum  stroke  of  the  piston  of  the  smaller  cylinder.  During  this 
process,  the  steam  is  driven  before  the  piston  of  the  smaller  cyUnder, 
and  drives  the  piston  of  the  larger  cylinder;  it  exerts  more  energy 
on  the  latter  piston  than  it  receives  from  the  former,  because  the 
piston  of  the  larger  cylinder  sweeps  through  the  greater  space;  and 
the  difference  between  those  quantities  of  energy  is  added  to  the 
enei^  formerly  exerted  by  the  steam  on  the  piston  of  the  smaller 
cylinder.  This  part  of  the  action  of  the  steam  is  represented  by 
the  curves  D  A  and  E  F  :  the  ordinates  of  D  A  representing  the 
backward  pressures  exerted  by  the  steam  in  the  snudler  cylinder, 
and  the  ordinates  of  E  F,  the  forward  pressures  exerted  by  it  at 
the  same  time  in  the  larger  cylinder.  O  P  represents  the  space 
swept  through  by  the  piston  of  the  larger  cylmder,  on  the  same 
scale  with  that  according  to  which  O  N  represents  the  correspond- 
ing space  for  the  smaller  cylinder. 

The  next  operation  is  to  shut  the  communication  between  the 
two  cylinders,  and  open  the  exhaust  port  of  the  larger  cylinder, 
and  the  admission  port  of  the  smaller.  Then  takes  place  the 
return  stroke  of  the  larger  cylinder,  during  which  the  steam  is 
expelled,  exerting  a  back  pressure  represented  by  the  ordinates  of 
F  A;  while  at  the  same  time  a  new  portion  of  steam  is  admitted 
into  the  smaller  cylinder,  and  expanded  as  before,  during  a  new 
forward  stroke  of  that  cylinder. 

Thus  are  produced  the  two  indicator  diagrams,  B  C  D  A  B  for 
the  smaller  cylinder,  and  E  F  A  E  for  the  lajger,  and  the  sum  of 
their  areas  represents  the  energy  exerted  on  the  piston  by  the 
quantity  of  steam  which  is  expended  at  one  stroke.  When  two 
such  diagrams  are  taken  by  an  indicator,  for  the  sole  purpose  of 
computing  the  power  of  an  actual  engine,  they  may  be  drawn  on 
the  same  or  on  different  scales,  and  the  quantities  of  work  indicated 
by  them  may  be  computed  independently,  and  then  added  together. 
Of  this  a  detailed  example  has  already  been  given  in  Article  43, 
page  51. 

But  if  the  diagrams  are  to  be  used  for  the  purpose  of  examining 
into  the  thermodynamic  relations  between  heat  expended  and  work 
performed,  or  for  other  scientific  purposes,  it  is  best  to  combine 
them  into  one  diagram,  in  the  following  manner : — 

Draw  any  straight  line  K  G  H  parallel  to  P  O  Q,  and  intersect- 
ing both  diagrams.     Produce  that  line,  and  lay  off  upon  it 

HL  =  KG. 
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Then  GL  =-.  GH  +  K~Gr  represents  the  total  volume  occupied 
by  the  steam,  partly  in  the  smaller  and  partly  in  the  larger  cylinder, 
when  its  absolute  pressure  is  represented  by  O  G ;  and  L  is  a  point 
in  the  indicator  diagram  which  would  have  been  described  had  the 
whole  action  of  the  steam  taken  place  in  the  larger  cylinder  only. 

By  ditiwing  a  sufficient  number  of  parallel  lines,  such  as  K  L, 
and  laying  off  the  proper  distances  on  them,  as  above,  any  number 
of  points  such  as  L  may  be  found,  so  as  to  complete  the  combined 
diagram  B  C  D  L  M  A  B,  whose  length  O  Q  =  O  P  represents  the 
volume  swept  through  by  the  piston  of  the  larger  cyii|der;  and 
this  diagram  may  be  reasoned  about  as  if  it  represented  the  action 
of  the  steam  in  the  larger  cylinder  alone. 

It  is  to  be  observed,  then,  as  a  general  principle,  that  the  ettergy 
exerted  by  a  given  portion  of  a  fluid  dwring  a  given  aeries  of  chartges 
of  pressure  and  vdvme,  depends  on  that  series  ofchamges^  arid  not  on 
the  number  and  arrangement  of  the  cylinders  in  whi^  ilwse  changes 
a/re  v/ndergone. 

262.  fih14  AcilBg  M  a  CulitoB. — To  determine  geometrically 
the  efficiency  of  a  heat  engine,  it  is  necessaiy  to  know  its  true 
indicator  diagram;  that  is  to  say,  the  curve  whose  co-ordinates 
represent  the  successive  volumes  and  pressures  which  the  fluid 
working  the  engine  assumes  during  a  complete  revolution.  This 
true  ijidicator  diagram  is  not  necessarily  identical  in  figure  with 
the  diagram  described  by  the  engine  on  the  indicator  card;  for 
the  abscissae  representing  volumes  in  the  latter  diagram,  include 
not  only  the  volumes  assumed  by  that  portion  of  the  fluid,  which 
really  performs  the  work  by  alternately  receiving  heat  while  ex- 
panding, and  emitting  heat  while  contracting,  in  such  a  manner  as 
permanently  to  transform  heat  into  mechanical  energy,  but  also 
the  volumes  assumed  by  that  portion  of  the  fluid,  if  any,  which  acts 
merely  as  a  cushion  for  transmitting  pressure  to  the  piston,  under- 
Y  going,  during  each  revolu- 

tion, a  series  of  changes  of 
pressure  and  volume,  and 
then  the  same  series  in  an 
order  exactly  the  reverse 
of  the  former  order,  so  as 
to  transform  no  heat  per- 
n^nently  to  mechanical 
energy. 

In  fig.  98,  let  abcdhe 
I  3C   the  apparent  indicator  dia- 

Fig.98.  gram.      ParaUel  to    O  X 

draw  Ha  and  iTc,  touching  this  diagram  in  a  and  c  respectively; 
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then  those  lines  will  be  the  lines  of  Tuaximnni  and  minimum  pres- 
sure. Let  n  E  and  L  G  be  the  volumes  occupied  by  the  cushion  at 
the  maximum  and  minimum  pressures  respectively :  draw  the  curve 
E  G^  such  that  its  co-ordinates  shall  represent  the  changes  of  volume 
and  pressure  undergone  by  the  cushion  during  a  revolution  of  the 
engine.  Let  K  F  c;?  6  be  any  straight  line  of  equal  pressure,  inter- 
secting this  curve  and  the  apparent  indicator  diagram;  so  that 
K6,  Kc? shall  represent  the  two  volumes  assumed  by  the  whole 
elastic  body  at  the  pressure  O  K,  and  K  F  the  volume  of  the 
cushion  at  the  same  pressure.     On  this  line  take 

then  it  is  evident  that  B  and  D  will  be  two  points  in  the  true 
indicator  diagram;  and  in  the  same  manner  may  any  number  of 
points  be  found. 

The  area  of  the  true  diagram  A  B  0  D  is  obviously  equal  to  that 
of  the  apparent  diagram  abed. 

ezcvMd  by  Ffaad  •■  Ptoimb  —  In  fig. 


263.  v< 
99,  let  ABCDEA  repre- 
sent the  indicator  diagram  of 
a  heat  engine,  O  Y  as  usual 
being  the  line  of  no  pressure, 
and  O  P  that  of  tio  volume. 

The  area  of  that  diagram, 
representing  the  effective 
energy  exerted  by  a  certain 
quantity  of  the  fluid,  may  be 
computed  and  expressed  by 
either  of  two  methods. 
First  Method,—!^  thedot- 
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ted  lines  B6,  Ee,  be  tangents  to  the  diagram,  parallel  to  O  P, 
so  that 

06=t72J  Oft  =  t/i; 

are  respectively  the  greoatest  and  the  leoLSt  volumes  occupied  by  the 
quantity  of  fluid  in  question. 

Let  F  G  =  A  V  represent  any  small  portion  of  the  change  of 
volume  undergone  by  the  fluid.  Draw  P  L  H,  G  M  K,  perpendi- 
cular to  O  V  j  and  let 

p  =  mean  of  P  H  and  G  K,  and 

y  =  meanof  PL  and  G M, 
represent  the  mean  intensities  of  the  pressures  of  thefluid  when  the 
portion  of  the  change  of  volume  represented  by  P  G  =  Ar  takes 

z 
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place,  during  the  forward  stroke,  and  during  the  retuim  stroke 
respectively,  so  that 

p  —  ^ 

is  the  ^edwe  pressure  corresponding  to  F  G. 
Then, 

(p — p)  A  V  =  area  L  H  K  M  nearly ; 

and  by  diyiding  tiie  whole  diagram  into  a  number  of  bands,  sach 
as  L  H  K  M,  and  adding  their  areas  together,  we  get  as  an  approxi- 
mation to  the  whole  area  of  the  diagram, 

U  =  2  {{p—f^)  Ar}  nearly; 

being  the  value  already  given  in  Article  43. 

The  exact  value  of  iJiat  area  is  the  limit  towards  which  that  sum 
approximates,  as  the  bands  into  which  the  diagram  is  divided 
become  more  numerous  and  more  narrow.  That  limit,  or  vniegral, 
is  represented  by  the  symbol. 


V=f'*^{jp-P)dv (1.) 


Second  MeikodL — Let  p-^  represent  the  greatest,  and  p^  the  least 
intensity  of  the  pressure  of  the  fluid  during  its  action. 

Let  N  Q  =:  A  p  represent  any  small  portion  of  the  change  of  pres- 
sure undergone  by  the  fluid.     Draw  N  T  E,  Q  W  S,  perpendicular 

to  OP,  and  let  

V  =  mean  of  N  R  and  Q  S,  and 
iy  =  mean  of  NT  and  QW, 

represent  the  mean  volumes  occupied  by  the  fluid  when  the  portion  of 
the  change  of  pressure  represented  by  NQ  =  a  p  takes  place,  during 
the /anoard  stroke  and  during  the  return  stroke  respectively. 
Then, 

(«  —  «')  Ap  =  areaWSRT  nearly; 

and  by  dividing  the  whole  diagram  into  a  number  of  bands,  such  as 
W  S  R  T,  and  adding  their  areas  together,  we  get  as  an  approxima- 
tion to  the  whole  area  of  the  diagram, 

U  =  2  ^  (v  —  «^)  ^p  f  nearly^ 

The  exact  value  of  that  area  is  the  limit  towards  which  that  sum 
approximates,  as  the  bands  into  which  the  diagram  is  divided 
become  more  numerous  and  more  narrow.  That  lunit,  or  integral, 
IB  represented  by  the  Eiymbol 
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TJ=.l'^{v-tr^dp; (2.) 

being  a  result  equal  to  that  given  by  equation  1,  but  obtained  by  a 
different  proces& 

The  first  method  is  the  best  for  measuring  the  work  indicated  by 
the  diagrams  of  actual  engines.  The  second  is  the  most  convenient 
in  some  theoretical  inquiries. 

It  is  always  most  convenient  to  consider  the  quantity  of  fluid 
to  which  the  equations  1  and  2  refer,  as  being  one  pound  ;  so  that 
they  give  the  energy  exerted  per  paimd  ofj^tdd,  and  the  values 
of  V  are  simply  the  various  volumes  occupied  by  one  pound  at  dif- 
ferent periods  of  the  revolution  of  the  engine. 

To  express  the  energy  exerted  per  tunU  of  epaee  ewep$  through  by 
the  piston  (or  in  a  double  cylinder  engine,  by  the  piston  of  the 
larger  cylinder),  it  is  to  be  observed,  that  the  space  so  swept 
through  per  pound  of  fluid  employed,  is  the  difference  between  the 
greatest  and  least  volumes  occupied  by  one  pound;  that  is  to  say, 

^2  —  ^i> 

so  that,  THE  ENERGY  EXERTED  PER  UNIT  OF  VOLUKE  SWEPT  THROUGH 

U  [{P'-P)dv        f(v  —  if)dp 

= r=^- :; =- :; > W 

^2  —  ^1  ^2  —  ^1  ^'2  —  ^1 

If  the  unit  of  volume  is  a  cubic  foot,  this  formula  gives  the  mecm 
^ective  preaeure  in  pounds  on  the  square  foot;  if  the  unit  of  volume 
is  a  prism  a  foot  long  and  an  inch  square,  the  formula  gives  the 
mean  effeetvoe  pressure  in  pounds  on  the  square  inch. 

The  ENERGY  EXERTED  IN  A  GIVEN  TIME  (such  as  a  miuuto,  or 
an  hour),  that  is,  the  INDICATED  power,  is  given  by  the  expression, 

^TJ, (4.) 

in  which  u)  is  the  weight  of  fluid  employed  in  the  given  time ;  or 
otherwise,  as  in  Article  43,  equation  4,  by  the  expression, 

in  which  A  is  the  area,  and  s  the  length  of  stroke  of  the  piston  (or 
of  the  piston  of  the  larger  cylinder,  m  a  double  cylinder  engine); 
so  that  A  «  is  the  volume  swept  through  per  stroke;  and  N  is  the 
number  of  strokes  in  the  given  time;  wluch  number,  in  a  double 
acting  engine,  is  to  be  doubled,  as  has  been  explained  in  Article 
43,  unless  the  quantities  of  energy  exerted  on  the  two  sides  of  the 
piston  are  computed  separately,  and  added  together. 
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Inasmuch  as  we  have 


to  = ^, (6.) 


it  follows  that  the  weight  of  fluid  emplayedper  stroke  is 
w         As 


N       t?2  -  l/j 


.(7.) 


If  the  diagram  in  fig.  99  is  held  to  represent  the  energy  exerted 
by  one  pomid  of  the  fluid,  then  the  abscissee  parallel  to  0  V 
represent  simply  values  of  v^  the  volume  of  one  pound 

If  the  diagram  is  held  to  represent  the  energy  exerted  per  unit 
of  volume  swept  thraughy  then  the  line  h  e  represents  that  xmit,  and 
the  abscissae  parallel  to  O  Y  represent  values  of 


.(a) 


«2-*'l 

If  the  diagram  is  held  to  represent  the  energy  exerted  during 
one  stroke,  then  the  line  b  e  represents  the  volume  A  s,  and  the 
abscisase  parallel  to  O  Y  represent  values  of 

vA.8 


«2  -  </i' 


.(9.) 


The  quantity  spoken  of  as  the  ^^ weight  of  flmd  empioyed**  in 
every  case  means,  the  weight  of  fluid  employed  once;  and  if  a 
given  weight  of  fluid  (as  often  happens)  is  made  to  act  again  and 
again,  it  is  to  be  held  to  be  equivalent  to  the  same  weight  muUi- 
plied  by  the  nwrnber  of  times  that  it  is  employed. 

264.  B««itl«a  mt  Ba«rg7  ud  W«rk. —  The  principle  of  the 
equality  of  energy  and  work  (Articles  26,  33)  when  applied  to  the 
action  of  the  fluid  in  a  heat  engine,  takes  the  following  form : — 

When  Hie  engine  is  Tnomng  vnth  cm  tmiform  periodical  motion 
(that  is,  when  each  stroke  occupies  an  equal  interval  of  time,  and 
when  the  velocity  of  each  part  of  the  machine  is  the  same  after 
any  number  of  complete  strokes),  the  energy  eocerted  by  the  fluid  on 
the  piston  during  amy  number  of  complete  strokes  is  equal  to  the  work 
performed  by  the  piston  in  overcoming  resistance  in  the  same  periocL 

The  most  convenient  method  of  expressing  this  principle  by  a 
formula  is  as  follows: — 

As  in  Articles  9  and  24,  let  all  the  resistances,  useful  and  pre- 
judicial, which  the  engine  has  to  overcome,  be  reduced  to  the  pi^on 
as  a  driving  point.  For  example,  suppose  that  while  the  piston 
performs  a  stroke,  of  the  length  s,  a  given  part  of  the  mechanism 
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moves  through  the  distance  «^,  against  the  resistance  B'.  Then  the 
equivalent  resistance,  directly  applied  to  the  piston,  is 

and  the  total  resiatcmce  reduced  to  the  piaton^  obtained  by  adding 
together  all  such  quantities  as  the  above,  may  be  denoted  as 
follows : — 

R  =  2--R' (L) 

Now  if  N  be  taken,  as  in  the  last  Article,  to  denote  the  number 
of  strokes  in  a  given  time,  such  as  a  minute,  the  work  performed 
by  the  piston  in  that  time  is 

N«R  =  N-2-a'R'; (2.) 

and  this  being  equated  to  the  energy  exerted  by  the  fluid  on  the 
piston  in  the  same  time,  as  given  in  Article  263,  formula  4  and  5, 
gives  for  the  eqiuUion  of  energy  and  loork,  the  following : — 

N«R  =  «;U  =  ^^^ (3.) 

Anqther  form  of  expression  for  the  same  principle  is  obtained  by 
dividing  both  sides  of  the  above  equation  by  N  8  A,  as  follows  : — 

5=_5L (4.) 

Now  the  first  side  of  this  equation  is  the  total  resistance  per  unit 
of  area  of  piston ;  and  the  second  side  is  the  mean  effective  pressure 
of  the  fluid;  so  that  the  principle  expressed  by  it  may  be  stated  as 
follows : — 

In  a  heat  engine  moving  with  an  umform  periodical  rnoUon,  the 
mean  effective  prestwre  of  the  fluid  is  equal  to  the  total  resistance  per 
unit  ofa/rea  of  piston. 

The  proper  mode  of  applying  this  principle  to  the  steam  engine 
was  first  pointed  out  by  the  Count  de  Pambour  in  his  works  On 
Locomotives,  and  on  the  Theory  of  the  Steam  Engine.  It  may  be 
summed  up  as  follows,  leaving  the  details  to  be  explained  fiiiiher 
on: — 

The  resistance  is  in  general  determined  by  the  nature  of  the 
work  performed  by  the  engine;  so  that  in  most  cases,  R  is  known 
from  data  independent  of  the  action  of  the  fluid 

The  resistance  being  a  fixed  quantity,  fixes  the  mean  effective 
pressure  according  to  equation  4;  in  other  words,  the  action  of  the 
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fluid  adjusta  Usdf  until  the  mean  effectiTe  pressure  balances  the 
resistance.  The  process  by  which  that  adjustment  takes  place  may 
be  stated  generally  thus : — ^if  the  mean  effective  pressure  is  at  first 
greater  than  the  resistance,  the  motion  of  the  engine  is  accelerated ; 
that  is,  the  number  of  strokes  in  a  given  time  is  increased;  the 
quantity  of  heat  expended  per  stroke  is  diminished;  and  the  mean 
effective  pressure  is  diminished;  and  this  goes  on  until  the  mean 
effective  pressure  exactly  balances  the  resistance.  If  the  mean 
effective  pressure  is  at  first  less  than  the  resistance,  the  motion  of 
the  engine  is  retarded  until  the  same  adjustment  is  effected  by  a 
process  predsely  the  converse  of  that  above  described. 

The  mean  effective  pressure  being  thus  determined,  the  quantities 
U,  v^  — 1/|,  and  the  various  values  of  p  and  v,  at  different  parts  of 
the  stroke,  can  be  deduced  from  it  by  principles  to  be  afterwards 
explained,  depending  on  the  nature  of  the  fluid,  and  the  manner  in 
which  its  action  is  regulated  in  the  particular  engine.  Then  from 
equation  6  of  Article  263,  it  appears  that  the  nimiber  of  strokes  in 
a  given  time  can  be  computed  by  the  formula 

y^tofa-t/^) ^^^ 


265.  BAclcBCT  •r  the  Vlidd  !■  u  BloBCMtturr  Heat  Bagtee. — ksi 

elementary  heat  engine  is  one  in  which  the  reception  of  heat  by 
the  fluid  takes  place  wholly  at  one  absolute  temperature  r^,  and  its 
rejection  wholly  at  another  absolute  temperature  r»  Consequently, 
in  such  an  engine,  the  change  between  those  two  limiting  tempera- 
tures must  be  made  entirely  by  compression  and  expansion  of  the 
fluid.  In  ^.  100,  let  A  £  be  part  of  the  iso- 
thermal line  of  «•,,  D  C  part  of  that  of  t^;  and  let 
A  D  M,  £  C  K,  be  a  pair  of  adiabatic  lines,  cor- 
responding respectively  to  any  two  thermodyna- 
mic functions  0„  9^  and  produced  indefinitely 
towards  X.  Then  will  A  £  C  D  be  the  diagram 
of  an  elementary  heat  engine  receiving  heat  at 
the  absolute  temperature  r^,  and  rejecting  heat 
at  ra.  The  action  of  such  an  engine,  during  one 
FIff.  100.  stroke,  consists  of  four  operations,  represented 

by  the  four  sides  of  the  figure  A£CD,  aa 
follows : — 

A  £,  expansion  of  the  fluid  at  the  higher  limit  of  temperature  r^  ; 
£  C,  further  expansion,  without  reception  or  emission  of  heat, 
till  the  temperature  fails  to  r^ ; 

C  D,  compression  of  the  fluid,  at  the  lower  limit  of  tempera- 
ture Tg ; 
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D  A,  furUier  oompresffion^  -without  reoepidon  or  emissioii  of  heat, 
tin  the  temperature  rises  again  to  r^. 

The  heat  received  by  the  fluid  from  the  fumace,  at  each  stroke, 
during  the  process  A  B,  is  r^  (^^  —  ^^)  =  Hj,  and  is  represented  by 
the  indefinitely  produced  area  M  A  B  N.  The  heat  rejected  at 
each  stroke,  during  the  process  C  D,  and  abstracted  by  some  re£ri- 
gerating  substance  (such  as  the  jet  of  cold  water  in  the  condenser 
of  a  steam  engine)  is  r^  {P^  —  ^^ )  =  Hj,  and  is  represented  by  the 
indefinitely-produced  area  M  D  C  N.  The  heat  permanently  trans- 
formed into  mechanical  energy  at  each  stroke  is  represented  by  the 
areaABOD 

=  Hi-H2  =  (ri  -  .,)  (^,-^.) (1.) 

Consequently  the  efficiency  of  the  engine  is 

Hj      ~     <i     ~Ti  +  461-2 ^'' 

The  last  equation  expresses  the  law  of  ike  efficiency  of  dementary 
iherrnodynoffnic  engineer  viz. : — Ouxt  the  heal  troffiafatmed  into  mechor 
meal  energy  ia  to  the  whole  heat  recewed  by  the  fimd  as  the  range  of 
temperalfure  titothe  absdvte  temperaiva^  at  vohich  heat  ia  received, 

266.  BAdoMT  mt  Ike  VlaM  !■  VUmH  JBagtaM  !■  CtoMnO.— Let 
the  closed  line  AabBcdAhe  the  diagram  of  any  thermodynamic 
engine.  Draw  a  pair  of  adiabatic  lines  A  M,  B  N,  touching  the 
dosed  line  in  A  B,  respectively,  and  indefinitely 
produced  in  the  direction  of  0  X.  Then  through- 
out the  process  represented  by  the  part  A  a  5  B  of 
the  diagram,  the  fluid  is  leeeiving  heat,  and 
throughout  ^e  process  is  represented  by  the  part 
Bed  A,  rejecting  heat.  Out  an  indefinitely  nar- 
row band  from  the  diagram  by  any  pair  of  indefi-  *»  . 
nitely-dose  adiabatic  lines  a  dm,  hen,  correspond-  ^'  ^^ 
ing  to  the  thermodynamic  functions  9,  ^  +  €?  ^,  respectively ;  and 
let  the  absolute  temperatures  con'esponding  to  the  elements  ab,  cd, 
be  r^y  r^  respectively.  Then,  treating  the  band  abed  9iA  the  dia- 
gram of  an  elementary  engine,  we  find  (expressing  quantities  of 
heat  in  foot-pounds). 

Heat  received  during  the  process  a  6  =  indefinitely-produced  area 

mabn:^d'S,^::^r^d9y 
Heat  rejectee!  during  the  process  c  (^  =  indefiinitely-produced  area 

mdcn:=d'S^^:zr^dp', 
Heat  transform^  into  mechanical  energy  =  area abcd^s:^  dH^ 

-rfHgrrCri-rg)^^. 
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Consequently,  whole  heat  received  by  the  fluid, 

=  areaMAa6BN  =  Hi=  f^  ^i«^^ (1) 

Whole  heat  rejected, 

=  areaMArfcBN  =  H2=  [^  r^dip (2.) 

Heat  transformed  into  mechanical  enei^, 

=  TJ  =  area  Aa6Bc6?A  =  Hi-H2 

=  f(P'-p')dv=  f  {V^i/)dpr.  f^^^(r,-r^)d^ (3.) 

Efficiency  of  the  engine 

.(4.) 


J  y9 


Hj-       H, 


267.  H«ttt  Ea«iB«  •r  BfaniMi  BfldMier* — ^^6^toee/ft  ffiven  limits 
of  tempercUwre,  the  efficiency  of  a  thermodynamic  engine  is  the 
greatest  possible,  when  the  whole  reception  of  heat  takes  place  at 
the  higher  limit,  and  the  whole  rejection  of  heat  at  the  lower;  that 
is  to  say,  when  the  engine  is  an  dementa/ry  evigine;  and  the  effi- 
ciency of  the  fluid  in  such  an  engine  is  independent  of  the  nature 
of  the  fluid  employed. 

268.  Hmu  Ec«nomlBer,  or  Bcgoicnuar. — To  fulfil  strictly  the 
above  condition  of  maximum  efficiency  between  given  limits  of 
temperature,  the  elevation  of  the  temperature  of  the  fluid  must  be 
performed  whoUy  by  compression,  and  the  depression  of  its  tem- 
perature wholly  by  expansion;  operations  which  are  in  many  cases 
impracticable,  from  the  great  bidk  of  cylinders  which  their  per- 
formance would  require. 

This  difficulty  is  almost  entirely  avoided  by  the  following  process 
for  producing  alternate  elevation  and  depression  of  temperature 
with  a  small  expenditure  of  heat,  invented  about  the  year  1816  by 
the  Kev.  Dr.  Robert  Stirling,  and  subsequently  improved  and 
modified  by  Mr.  James  Stirling,  Captain  Ericsson,  Mr.  Siemens, 
and  others. 

The  fluid  whose  temperature  is  to  be  lowered  is  passed  through 
the  interstices  of  an  apparatus  called  an  ecorumdzer  or  regevieraior, 
formed  by  a  number  of  thin  plates  of  metal  or  other  solid  conduct- 
ing substance,  or  by  a  network  of  wires,  exposing  a  great  sur&ce 
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within  a  small  space.  The  material  of  the  economizer  becomes 
heated  by  the  cooling  of  the  fluid.  When  the  temperature  of  the 
fluid  is  again  to  be  raised,  it  is  passed  through  the  interstices  of  the 
economizer  in  the  ccmtraiy  direction,  and  the  heat  which  it  had 
previously  given  out  is  in  part  restored  to  it. 

It  is  impossible  to  perform  this  process  absolutely  without  waste 
of  heat.  In  some  experiments  by  Mr.  Siemens,  on  air,  the  waste 
of  heat  at  each  stroke  appears  to  have  been  about  one-twentieth 
pact  of  the  heat  altematelj  abstracted  from  and  restored  to  the 
airj  and  in  the  air  engines  of  the  ship  "Ericsson,"  about  one- 
tenth. 

269.  iMdkikttile  lAmm, — One  condition  of  the  economical  work- 
ing of  the  economizer  is,  that  the  quantity  of  heat  given  out  by  the 
fluid  during  any  given  stage  of  the  lowering  of 
its  temperature  shall  be  equal  to  the  quantity 
received  by  it  during  the  corresponding  stage  of 
the  raising  of  its  temperature.  This  condition  is 
realized  in  the  following  manner : — 

Let  E  F  be  an  arbitrary  line  representing  the 
mode  of  variation  of  the  pressure  and  volume  of  _ 
the  fluid  during  the  lowering  of  its  temperature.  p    1 02 

Let  G  H  be  the  corresponding  line  for  the  raising  ^' 

of  the  temperature  of  the  fluid.  Let  K  L,  M  N,  be  any  pa>ir  of 
isothermal  lines,  intersecting  G  H  in  A  and  D,  and  E  F  in  B  and 
C,  respectively.  Let  ^ a,  ^  ^o,  ^,  ^  *t®  thermodynamic  functions 
for  these  four  points.  Then  if,  for  every  possible  pair  of  isothermal 
lines, 

the  lines  E  F  and  G  H  have  the  required  property,  and  are  said  to 
be  isodiabcUic  with  respect  to  each  other. 

Section  4. — Of  the  Efficiency  of  Air  Engines. 

270.  Thcnnal  i^taes  twt  Air. — The  ease  with  which  air  is  obtained 
in  any  quantity,  and  its  safety  from  explosion  at  high  temperatures, 
have  induced  many  inventors  to  devise  engines  in  which  it  is  the 
working  fluid. 

Very  few,  however,  of  those  engines  have  been  brought  into 
practical  operation,  owing  chiefly  to  the  difficulty  of  obtaining  a 
sufficiently  rapid  convection  of  heat  to  and  from  the  mass  of  air 
employed,  and  to  the  necessity  for  using  a  more  bulky  cylinder 
than  is  required  for  a  steam  engine  of  the  same  power,  and  with 
the  same  maximum  pressure. 

The  efficiency  of  air  engines  is  here  treated  of  before  that  of 
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steam  engines,  because  of  the  greater  simplicity  of  its  mathematical 
principles. 

In  such  investigations  as  the  present,  air  may  without  sensible 
error  be  treated  as  a  perfect  gas. 

Each  isothermal  line  for  a  perfect  gas  is  a  common  rectangular 
hyperbola,  whose  asymptotes  are  O  X,  O  T,  its  equations  being 

pv^zp^VQ,  - (1.) 

For  air,  p^  v^  ^  ^^  =  5315 

foot-pounds  per  degree  of  Fahrenheit. 

Each  adicU)cUic  Ime  for  a  perfect  gas  is  a  curve  of  the  hyperbolic 
kind,  having  O  X,  O  Y,  for  asymptotes,  its  equation  being 

p  v'' =  e^  =  constant (2.) 

y  for  air  =  1-408. 
See  Article  251. 

Each  pair  o/igodiahatic  lines  for  a  perfect  gas  are  so  related  to 
each  other,  that  if  i^,  t/,  be  the  abscissse  of  the  points  of  intersection 
of  these  two  Hues  respectively,  with  one  and  the  same  isothermal 
line,  the  ratio  v:v'  is  a  constant  quantity  for  all  isothermal  lines. 
The  same  is  the  case  with  the  ratio  p :  p'.  It  follows  from  this,  that 
.  all  straight  lines  of  constant  volume,  paraUel  to  O  T,  are  mutually 
isodiabatic  (which  is  equivalent  to  saying  that  the  specific  heat  at 
constant  volume  is  constant),  and  sdso  that  all  straight  lines  of 
constant  pressure,  parallel  to  O  X,  are  mutually  isodiabatic  (which 
is  equivalent  to  saying  that  the  specific  heat  under  constant  pres- 
sure is  constant).     See  Article  250. 

271.  TlMm^dyiuuiUc  Fwicii«Bs  fw  AJr. — ^When  the  two  forms 
of  the  thermodynamic  function,  given  respectively  in  Article  246, 
and  in  Article  248,  viz., 


and 


^  =  It  hyp  log  r  +  j  ^  c? « ; 


are  applied  to  a  perfect  gas,  it  is  to  be  observed  (as  already  stated 
in  Article  251),  that  for  a  substance  in  that  condition, 

dp __p  _Po^o  .  1 . 
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dv  _v  _PoVo    l^ 

dr        r  Tq       p' 

and  also,  as  has  been  shown  in  Artide  250,  that 

These  values  being  introduced  under  the  signs  of  integration,  give 
the  following  results : — 

^^P^p  (^^  +  hyp  log  v)  +  constant (1.) 

»==y>(y^yPy-  +  hyp  logp)  +  constant (2.) 

In  these  formuhe,  the  value  assigned  to  the  arbitrary  constant 
introduced  by  integration  is  immaterial;  because  the  differtnoes 
between  thermodynamic  functions  have  alone  to  be  considered  in 
any  problem;  and  from  them  the  arbitrary  constant  disappears. 

The  values  of  the  co-efficients  in  the  above  formula,  for  air, 
though  they  have  already  been  given  in  Article  251,  may  here,  for 
the  i»ke  of  convenience,  be  repeated. 


^-  =  2-451;  -^  =3-451; 

1  y  —  1 


y  -  1  y 

?^^  =  53-15  foot-lbs.  per  degree  of  Fahrenheit. 


...(3.) 


In  using  the  fonnuhe  1  and  2  with  tables  of  common,  instead  of 
hyperbolic  logarithms,  it  is  to  be  observed  that 

hyp  log  n  =  com  log  n  x  hyp  log  10; 

hyp  log  10  =  2-3026  nearly; 

^^  X  hyp  log  10=  53-15  x  2-3026  =  122-38  '      '^^'^ 

foot-lbs.  per  d^ree  of  Fahrenheit 

272.  Pcribct  AJr  Kb«Im,  wtthMtt  BcgracnMrr— Fig.  100  (Article 
265)  may  be  taken  to  represent  the  diagram  of  the  energy  exerted 
by  one  pound  of  air  during  one  stroke  of  an  engine  of  this  clasa     - 

Let  r^  and  nr^  be  the  absolute  temperatures  of  receiving  and 
rejecting  heat  respectively. 

Then  A  £  is  part  of  a  common  hyperbola,  the  isothermal  curve 
of  fj ;  and  its  equation  is 
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pv  =  ?^'r^^5B'l5T^ (1.) 

C  D  is  part  of  a  common  hyperbola,  the  isothermal  curve  of  r^ ; 
and  its  equation  is  • 

p^^Po^  .  .2  =  53-15r, (2.) 

B  C  and  D  A  are  portions  of  adiabatic  curves^  whose  equations 
are  of  the  form  given  in  Article  270,  equation  2. 
Let 

Paf  Pby  Pn  Pdi 
'^•j  ^bf  ^0  ^d> 

denote  respectively  the  pressures  in  lbs.  on  the  square  foot,  and  the 
volumes  in  cubic  feet,  of  one  lb.  of  air,  corresponding  to  the  four 
angles  of  the  diagram,  A,  B,  C,  D.  Then  the  proportions  of  those 
quantities  are  r^ulated  by  the  following  formulse : — 

P^^^J^Pl^^^r; (3.) 

Pt       V,      p,       Vt         ' 

Pd        p.  \^J  \'-2/ 

En  equation  3,  r  denotes  the  raJtio  ofeoffpandon  <md  compression 
of  His  air  at  oonstcmt  temperature,  which  is  arbitrary,  and  is  to  be 
fixed  by  considerations  of  convenience. 

If  a  certain  quantity  of  air  is  confined  within  the  engine,  and 
used  over  and  over  again  to  drive  the  piston,  the  absolute  values  of 
the  pressures  and  volumes  whose  ratios  are  given  in  equations  3,  4, 
and  5,  ai*e  arbitrary  also.  But  if  the  air  is  wholly  or  partly  dLv 
charged  at  each  stroke,  and  a  fresh  supply  of  air  taken  in  from  the 
atmosphere,  the  minimum  pressure  jp^  maximum  voliime  v,  of  one 
lb.  of  air,  and  temperature  of  rejection  of  heat  r^  =i>«  v,  -f-  63-15, 
are  fixed,  being  those  of  the  external  air.  If  the  temperature  r^  of 
receiving  heat  is  also  fixed,  then  the  pressure  and  volume  p^  r^, 
are  fixed  by  the  formulae 

(r  \3-«l  /•X 2-451 

so  that  nothing  remains  arbitrary  except  the  ratio  r,  of  expannion 
and  compression  at  constant  temperature,  which  having  been  fixed 
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according  to  convenience,  fixes  the  other  limits  of  pressure  and 
volume,  viz., 

Let  9m  9ky  ^  ^6  thermodynamic  functions  proper  to  the  curves 
A  D,  B  C,  respectively.  Then  according  to  Article  271,  equations 
1,  3,  and  4,  the  difference  of  those  functions  is 


.(8.) 


f6-  ^  =  ^^(hyp  log  v»  -  hyp  log  Va) 

=  53'15  hyp  log  r 
ss  122-38  com  log  r 

being  a  function  of  the  ratio  of  eocpandon  at  constant  temperature 
alone. 

Introducing  this  value  into  the  general  equations  of  Article  260, 
we  find  the  following  results : — 

Whole  expenditure  of  heat  in  footrpounda  of  energy,  per  pound  of 
air  per  9t/roke — 

H,  =r3^(^j-^.)  =  53-15 *!  -hyplog r  =  12238 t^  -com logr;...(9.) 
Hecut  rejected  cmd  abstracted  by  refrigeralmg  appanUus — 

H2  =  '2(^»-^.)  =  53-15  rj -hyp logr  =  122-38  rg- com logr;...(10.) 
Mechomical  energy  exerted  on  piston — 
U  =  Hi-H2  =  (ri-rjj)(^,-(P.)  =  53-15(ri-rjj)hyplogr 

=  122-38(^1- '2)  <»i^  log  ^ (ll-) 

Efficien^sy  offiaid  (as  in  the  general  case) — 

u"-^- ^^^> 

If  it  were  possible  to  perform  the  whole  cycle  of  operations  on 
the  air  in  one  cylinder,  iiie  space  to  he  swept  through  by  the  piston, 
per  pound  of  air  per  stroke,  would  be  the  difference  between  the 
greatest  and  least  volumes  of  a  pound  of  air;  that  is  to  say, 


..-«.  =  «.{i-i(^;y"}; (13.) 
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and  the  inaam  effective  presswre  would  be 


u      i'.(f;-i)i'ypio«'- 

:K5i (14.) 


1 


-m 


There  may,  on  the  other  hand,  be  a  oompremng  pump  as  well 
as  a  working  cylinder^  the  air  being  sttpplied  to  the  pnmp  at 
the  pressure  and  volume  p„  v^ ;  compressed  at  the  constant  absolute 
temperature  ^^  to  the  pressure  and  yolumep^  V4;  compressed  with 
elevation  of  temperature  top„v^;  then  tnuisferrod  to  the  working 
cylinder,  and  expanded  at  the  constant  absolute  temperature  r^,  to 
the  pressure  and  volume  p^  v„;  then  expanded  with  depression  of 
temperature  back  again  to  p^  v,;  and  then  discharged  In  this 
case  the  compressing  pump  and  working  cylinder  must  be  of  equal 
size;  and  the  piston  of  each  of  them  must  sweep  simply  through 
the  TWft-giTniiin  volume 

». 0«-) 

per  pound  of  air  per  stroke,  giving  for  the  mean  effective  presBore 

^  =  ft(f;-i)i»ypi<«'- (16) 

When  the  engine  takes  its  periodical  supply  from  the  external 
air,  p^  is  the  atmospheric  pressure. 

It  is  often  convenient  to  express  the  expendUwre  of  heat  in  fooi- 
pornids  per  cubic  foot  swept  tfvrough;  that  is,  to  state  a  pressure  in 
pounds  on  the  square  foot,  whidi,  acting  on  the  piston,  would 
exert  energy  equivalent  to  the  heat  expended.  This  is  given  by 
the  formula 

-^^ov^\ (17.) 

as  the  case  may  be. 

The  following  is  a  numerical  example : — 

Data. 

Ratio  of  expansion,  r  =  2. 

^«  =  2116*4  lbs.  on  the  square  foot 

Temperatures  on  the  ordinaiy  scale,  T^  =  650**  F.     Tj  =  150**  F. 
Absolute  temperatures, r^  =  1111-2      r^  =  611'2. 
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v^  =  ^  =  15'35  cubic  feet  per  lb. 

P. 

Then  by  equation  8 — 

Thermodynamic  function  f »  -  f «  =  122*38  x  30103  =  3684. 

By  the  formula  (6) — 

p^  =  16656;  r*  =  3-546. 
By  the  formula  (7)— 

i>.  =  2i^  =  33312;  t;.  =  I*  =1-773; 

Pi  =  2p,=  4232-8;  V4  =  |  =  7-675; 

By  equatiouB  9,  10^  11 — 

Foot-lbs. 

%"r  SSce^^!!!.!!!^^^^^^  X^  ^^'^^  =  ^^'^^7 

H,  =  heat  rejected'.. !..'.V.!.".' 611-2  x  36-84  =  22,517 

IT  =  energy  exerted  on  piston^....      500  x  36*84  =  18,420 

By  equation  12 — 

««.  .           i. «  . ,  U  500        ^  ,  ^ 

Efficiency  of  fluid "  W"  ^  i  ^  ^  i  .0  =  ^'^^ 

For  one  cylinder  acting  as  compressing  pump  and  working 
cylinder,  by  formula  13,  14— 

Space  swept  through  per  lb.  air  per  stroke — 

r,  —  r.  =  13-58  cubic  feet. 

Heat  expended  per  cubic  foot  swept  through — 

■  ^  ^    =  3014  lbs.  on  the  square  foot. 

Mean  effective  pressure— 
18420 
13-58 


==  1356  lb&  on  the  square  foot  =  9*42  lbs.  on  the  square  inch. 


For  separate  compressing  pump  and  working  cylinder,  by  for- 
mul»  15,  16 — 
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Space  swept  through  by  each  piston  per  lb.  air  per  stroke — 

v^  =  15*35  cubic  feet 

Heat  expended  per  cubic  foot  swept  through — 

40937 

,^  o«r   =  2666  lbs.  on  the  square  foot. 

lO'oD 

Mean  effectiye  pressure — 
Yk:ok  =  12^^  1^8-  ^^  *^®  square  foot  =  8-33  lbs.  on  the  square  inch. 

This  last  result  illustrates  one  of  the  practical  difficulties  attend- 
ing the  use  of  air  engines  in  which  the  changes  of  temperature  are 
to  be  effected  by  means  of  changes  of  volume,  viz.,  the  smallness  of 
the  mean  effective  pressure  compared  with  the  maximum  pressure, 
and  the  consequent  great  bulk  and  strength  required  for  an  engine 
of  a  given  power.  In  the  supposed  example,  the  excess  of  the 
maximum  pressure,  p„  above  that  of  the  atmosphere,  is 

33312  -  2116  »=  31196  lbs.  on  the  square  foot 

=  216*6  Iba  on  the  square  inch; 

and  the  strength  of  the  cylinder,  and  of  other  parts  of  the  engine, 
must  be  adapted  to  sustain  this  great  pressure,  of  which  the  mean 
effective  pressure  is  only  about  one  twenty-sixth  part 

The  better  to  illustrate  the  bulk  required  for  the  engine,  on  the 
supposition  of  there  being  a  sepaiute  compressing  pump  and  work- 
iog  cylinder,  it  may  be  observed,  that  the  volume  to  be  swept 
through  by  ike  piston  in  its  effective  strokes  per  mimite,  to  give  one 
indiccUed  horse-poiver,  would  be 

^^^  =  27i  cubic  feet 

273.  PeiTect  AJr  Engtites  with  Regenernton,  !■  OmicmL — ^Fig. 
102,  Article  269,  may  be  taken  to  represent  the  general  case  of  the 
diagram  of  an  engine  of  this  class.  A  B,  D  C,  are  portions  of  two 
isothermal  lines,  beiog  common  hyperbolas;  A  D,  B  C,  are  portions 
of  a  pair  of  isodiabatic  lines,  of  any  figure  whatsoever,  but  con- 
nected together  by  the  condition  explained  in  Article  270. 

The  structui*e  of  a  regenerator,  or  heat  economizer,  has  already 
been  explained  in  Article  268. 

The  operations  undergone  by  the  working  mass  of  air  are 
represented  in  the  diagram  as  foUows : — 
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C  D  represents  the  compression  of  the  air,  at  the  lower  limit  of 
absolute  temperature  'r^  the  heat  produced  bj  the  compression 
being  abstracted  by  a  re&igerating  apparatus  of  some  kind. 

D  A  represents  the  series  of  changes  of  pressure  and  volume 
undergone  by  the  air  in  passing  through  the  grating  or  network  of 
the  regenerator;  which  having  been  previously  heated^  gives  out 
enough  of  heat  to  the  air  to  raise  it  to  the  higher  limit  of  absolute 
temperature  r^ 

A  B  represents  the  expansion  of  the  air  at  the  absolute  tempera- 
ture «^. 

£  C  represents  the  series  of  changes  of  pressure  and  volume 
undergone  by  the  air  in  passing  back  again  through  the  grating  or 
network  of  the  regenerator,  to  the  material  of  which  apparatus  it 
gives  out  so  much  heat  as  to  lower  its  own  absolute  temperature 
back  to  T^;  and  that  heat  remains  stored  in  the  regenerator  until 
employed  to  raise  the  temperature  of  the  air  at  the  next  stroke. 

By  thus  storing  and  restoring  a  certain  quantity  of  heat,  the 
alternate  lowering  and  raising  of  the  temperature  of  the  air  is 
effected  without  l£e  expenditure  for  that  purpose  of  any  heat  from 
the  furnace,  except  such  as  is  required  to  supply  the  waste  of  heat 
that  occurs  in  the  regenerator;  that  waste,  according  to  experi- 
ment, being  from  one^tenth  to  one-tioerUieth  of  the  whole  quantity  of 
heat  required  to  raise  the  temperature  of  the  air  at  each  stroke ; 
which  quantity  of  heat,  per  paimd  of  air,  has  the  following  value 
in/oot-pamids: — 

130-3  (t^  -  rjj)  =t:  J  pdv, (1.) 

in  which  I  pdv  denotes  the  area  between  one  of  the  isodiabatic 
lines  (as  A  D),  and  the  ordinates  let  £eiJ1  from  its  ends  perpendicular 
to  OX;  and  that  area  is  to  ^e { ^^J^ | according  as { ^ } 

is  the  farther  frx)m  O  T. 

(For  an  adiabcUic  line,  the  expression  1  becomes  =  0). 

In  the  air  engines  which  have  been  used  in  practice,  the  weiglU 
ofmaienal  m  the  regeneraior  appecMrs  to  have  hem  about  forty  times 
iha  toeight  of  the  air  passed  through  it  at  one  stroke. 

The  formulas  for  the  relations  amongst  the  pressures,  volumes, 
and  temperatures,  for  the  expenditure  of  heat  in  expanding  the  air, 
the  energy  exerted  per  lb.  of  air  per  stroke,  and  the  efficiency,  are 
the  same  with  those  in  the  last  Article^  except  that  the  ratio, 

^=^»  =  ^-:^  =  !!!.?•  (2) 

which  in  an  engine  without  a  regenerator  la  fixed  by  equation  4  of 
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Article  272,  becomes  arbitraiy  in  an  engine  with  a  regenerator. 
Hence  all  the  equations  of  Article  272  hold  in  the  present  case, 
except  4  and  its  consequences,  viz.,  5,  6,  13,  and  14;  instead  of 
which  we  have  simply  the  relations  given  in  the  formula  2  of  the 
present  Article. 

The  volume  swept  through  by  the  piston  per  pound  of  air  at  each 
stroke  cannot  be  less  than  the  difference  between  the  greatest  and 
least  volumes  of  the  air,  and  may  be  greater  to  an  extent  depending 
on  the  structure  and  mode  of  working  of  the  particular  engine. 

Particular  cases  of  that  structure  and  mode  of  working  will  be 
considered  in  subsequent  Articles;  meanwhile  the  diagrams  of 
energy  of  two  of  the  more  important  cases  are  presented  at  one 
view  in  fig.  103. 

In  that  figure,  A  B  A'  &  is  the  isothermal  line  of  the  higher 
limit  of  temperature,  and  IK  C  D  C  that  of  the  lower.     A  D,  B  C, 


Fig.  108. 

are  a  pair  of  adiabatic  curves,  so  that  A  B  C  D  is  a  diagram  for  the 
case  already  considered  in  Article  272.  D  A',  C  B',  are  a  pair  of 
straight  lines,  each  corresponding  to  a  constant  pressure ;  so  that 
A'  B'  C  D  is  the  diagram  of  an  engine  in  which  the  changes  of 
temperature  take  place  at  constant  pressures.  A  IX,  B  (7,  are  a 
pair  of  strai^t  lines,  each  correspon<&ng  to  a  constant  volume;  so 
that  A  B  CD'  is  the  diagram  of  an  engine  in  which  the  changes  of 
temperature  take  place  at  constant  volumes. 

274.  Tempcraiwra  Ckuged  at  CmuliuU  Vivrnwam  —  gric— — la 
Ba^ine. — ^To  illustrate  the  structure  of  engines  whose  diagrams 
approximate  more  or  less  closely  to  A'  B'  C  D  in  fig.  103,  a  dcetcli 
of  the  principal  parts  of  Captain  Ericsson's  air  engine  (as  used 
about  the  year  1852)  is  given  in  fig.  104,  which  is  a  vertical  section 
of  a  single  acting  land  engine  of  that  kind. 

B  is  the  working  cylinder,  placed  over  the  furnace  H.     This 
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Fig.  104. 


cylinder  consists  of  two  parts;  the  upper  part,  accurately  turned, 
in  which  the  piston  works,  and  the  lower  part,  less  accurately 
made,  and  of  somewhat  larger 
diameter,  in  which  the  air  re- 
ceives heat  from  the  furnace. 

A  is  the  piston  of  that  cylin- 
der, consisting  of  two  parts.  The 
upper  part  is  accurately  fitted, 
and  provided  with  metallic  pack- 
ing, so  as  to  work  air-tight  in  the 
upper  part  of  the  cylinder.  The 
lower  part  is  made  of  the  same 
shape  with  the  lower  part  of  the 
cylinder,  but  of  less  ^mensions, 
so  as  nearly  to  fit  the  cylinder, 
but  without  touching  it.  This 
lower  part  is  hollow,  and  is 
filled  with  brick  dust,  fragments 
of  fire  clay,  or  some  such  slow 
conductor  of  heat  The  object  of  this  is  to  resist  the  transmission 
of  heat  to  the  upper  parts  of  the  cylinder  and  piston,  and  especially 
to  the  packing,  in  order  that  the  bearing  suifaces  of  the  cylinder 
and  packing  may  be  kept  cool.  The  cover  of  the  cylinder  B  has 
holes  in  it  marked  a,  to  admit  the  external  air  to  the  space  above 
the  piston. 

D  is  the  compressing  pump,  being  a  cylinder  standing  on  the  ' 
cover  of  the  working  cylinder.  C  is  the  piston  of  the  compressing 
pump,  connected  with  the  piston  A  by  three  or  by  four  piston  rods, 
of  which  two  are  shown,  and  marked  d,  '  The  space  below  the 
piston  D,  and  above  the  piston  A,  forms  one  continuous  cavity, 
communicating  freely  with  the  external  air  through  the  holes  a. 
E  is  the  upper  piston  rod,  by  which  the  pistons  C  and  A  are  con- 
nected with  the  mechanism.  That  rod  traverses  a  stulfing  box  in 
the  cover  of  the  compressing  pump^ 

The  compression  of  the  air  takes  place  in  the  upper  part  of  the 
compressing  puipp.  The  air  enters  through  the  admission  clack  c, 
is  next  compressed,  and  is  then  forced  through  the  discharge  clack  e 
into  a  receiver  or  magazine  of  compressed  air,  F.  ' 

G  is  the  regenerator,  being  a  box  containing  several  layers  of 
wire  gauze,  which  are  traversed  by  the  air  when  it  enters  and  leaves 
the  working  cylinder. 

b  is  the  induction  valve,  and/  the  eduction  valve,  both  worked 
by  the  mechanism  of  the  engine.  When  b  is  opened,  air  is  admit- 
ted from  the  receiver  F  through  the  regenerator  into  the  cylinder, 
and  lifts  the  piston  A.    After  a  portion  of  the  stroke  has  been  per- 
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formed,  b  is  shut,  and  the  adinission  of  air  cut  off;  the  remainder 
of  the  stroke  of  the  piston  A  is  performed  bj  the  expansion  of  the 
air.  During  the  return  stroke,  the  eduction  valve /is  kept  open, 
and  the  air  driven  out  through  the  regenerator,  and  through  the 
exhaust  pipe  ^,  into  the  atmosphere. 

The  ratio  of  the  sizes  of  the  compressing  pump,  and  of  the  work- 
ing cylinder,  ought  to  be  that  of  the  absolute  temperatures  of 
receiving  and  rejecting  heat;  that  is, 

compressing  pump  _  T2  ,.  . 

working  cylinder  ""  t^ ^  '* 

As  the  lengths  of  their  strokes  are  the  same,  the  above  ratio  is 
that  of  the  areas  of  their  pistons. 

Referring  back  to  fig.  103  in  the  last  Article,  the  diagram 
A'  B'  C  D  may  be  taken  to  represent  the  action  of  one  lb.  of  air 
during  one  stroke  in  this  engine,  when  the  conditions  of  maximnni 
efficiency  between  given  limits  of  temperature  are  fulfilled.  Pro- 
duce A'  D  to  E,  and  B'C  to  F.  Then  ED  CF  is  the  diagram  of 
the  compressing  pump,  and  E  A'  B'  F  the  diagram  of  the  working 
cylinder.  F  C  represents  the  admission  of  the  air  firom  the  atmo- 
sphere into  the  compressing  pimip  at  the  atmospheric  pressure  p^ ; 
0  D  its  compression  in  that  pump  at  the  constant  absolute  tern- 
})erature  4-2,  until  its  pressure  is  raised  to  p^,  the  heat  produced  by 
the  compression  being  dissipated  by  conduction,  or  taken  away  by 
some  refrigerating  apparatus.  Owing  to  the  elevation  of  tempera- 
ture required  in  order  to  cause  this  heat  to  be  given  out  as  rapidly 
as  it  is  produced,  t^  is  always  higher  than  the  temperature  of  the 
external  air,  but  to  what  extent  is  imcertain. 

D  E  represents  the  expulsion  of  the  air  from  the  compreaaing 
pump  into  the  receiver. 

E  A',  the  admission  of  the  air  into  the  working  cylinder,  when, 
by  its  passage  through  the  regenerator,  its  absolute  temperature  is 
raised  to  «-^,  and  its  volume  increased  from  v^  to  v^ 

In  order  that  the  operations  represented  by  D  E  and  E  A'  may 
l)e  performed  without  any  sensible  falling  off  in  the  pressure,  the 
ongine  ought  to  be  triple,  or  still  better,  qu/odrupls  (like  that  which 
was  tried  in  the  steamer  '^  Ericsson '\  consisting,  in  the  latter  case, 
of  a  set  of  four  cylinders,  each  with  its  own  compressing  pump,  all 
driving  the  same  shaft,  and  communicating  with  the  same  receiver, 
and  niaking  their  strokes  in  succession  at  intervals  of  a  quarter  of 
a  revolution.  This  arrangement  is  desirable  also  in  order  to  obtain 
steady  motion. 

A'  B'  represents  the  expansion  of  the  air  in  the  working  cylinder 
after  its  admission  is  cut  off,  at  the  constant  absolute  temperature 
7^,  until  the  pressure  returns  to  the  atmospheric  pressure.    The  heat 


sricsson's  air  engine.  357 

required  for  thia  expansion  is  supplied  bj  the  furnace  through  the 
bottom  of  the  cylinder. 

B'  F  represents  the  final  expulsion  of  the  air,  in  the  course  of 
which  it  traverses  the  regenerator  in  the  reverse  direction,  and 
transfers  to  the  wire  gauze  a  quantity  of  heat  which  is  used  at  the 
next  stroke  to  raise  the  temperature  of  the  next  mass  of  air. 

The  following  are  the  formuhe  appropriate  to  this  class  of 
engines : — 

Data. 

Tj,  temperature  at  which  heat  is  received  by  the  air  from  the 
furnace,  and  the  air  expanded. 

4-2,  temperature  at  which  the  air  is  compressed,  and  heat  ab- 
straicted. 

p„  atmospheric  pressure,  if  the  engine  draws  its  air  directly 
from,  and  discharges  its  air  directly  into  the  atmosphere,  as  in  the 
engine  just  described. 

r,  ratio  of  expansion  at  constant  temperature. 

Results, 

all  of  which  have  reference  to  orve  stroke  of  (me  pound  of  air ^  pres- 
sures in  pounds  on  the  square  foot,  and  volumes  in  cubic  feet — 


PresewreSy 


^*=^''    } (i>.) 


.(3.) 


17  ;  53-15  rg 

P* 

T,  53*15  «•- 

^»  =  -  V,  =  — -— ^ 
^1  P* 

r'  T      '-g 

Th^rrmdynamic  fmi/itiony  as  in  Article  272 — 

^»  -  ^«  =  5315  hyp  log  r  =  122-38  com  log  r (4.) 

ExpendUure  of  heat  in  ea^xmding  the  air,  as  in  Article  272 — 

Hi  =  122-38  rj  com  log  r (5.) 

Heat  r^eeted  during  the  compression  of  the  air — 

H2  =  122-38  Tg  com  log  r (6.) 

Mechanical  energy,  as  in  Article  272 — 

U  =  122-38  {r^  -  o-jj)  com  logr (7.) 
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Effideney,  supposing  no  heat  fjoasted,  as  in  Article  272 — 

w='^' («•) 

Heat  stored  and  restored  by  regenerator,  in  foot-lbs. — 

K,  ('1  -  '2)  =  183-45  (rj  -  ,2) (9.) 

If,  according  to  Mr.  Siemens*s  experiments,  one-twentieth  of  this 
quantity  of  heat  is  wasted,  the  efficiency  will  be  diminished  to 

H (10.) 

Hi  +  917  (c,  -  ,2)  ^     ^ 

But  from  experiments  made  by  Professor  Norton  on  the  ship 
''  fjicsson/*  it  seems  probable  that  the  waste  in  the  regenerator 
was  more  nearly  one-tenth  than  one-twentieth  of  the  heat  stored; 
and  in  that  case  we  have  for  the  diminished  ei&ciency 

Hi  +  18-35  (rjL  -  ^2) ^^^  ^^ 

Volvme  swept  through  by  the  piston  A,  per  pound  of  air  per 
stroke — 

=*. (11) 

Mean  effective  pressure,  per  unit  of  area  of  the  piston  A — 
^^  =  p,  •  "^""—2  •  hyp  logr  =  2-3026;?.  •  ^^^^  com  log  r...  (12.) 
Heat  eocpended  per  cvbicfoot  swept  through,  not  including  waste — 

XT 

— ^  =^,  hyp  log  r  =  2-3026 p^  com  log  r. (13.) 

The  same,  with  the  addition  of  the  supposed  waste  from  the 
regenerator — 

Hi  +  mK,(r,-.^ 

=  ^0/2-3026  com  log  r  +  3-451  m  '^^^^) (14.) 

m  is  the  fraction  which  is  wasted  of  the  whole  heat  stored  by  the 
regenerator,  being  from  one-tenth  to  one-twentieth. 

In  the  following  numerical  example,  the  proportion  of  the 
working  cylinder  to  the  compressing  pump,  Vj, :  v^  and  the  ratio  of 
expansion,  i?^ :  t?,  =  r,  are  those  of  the  air  engines  of  the  "Ericsson ;" 
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but  the  temperatures  of  I'eoeiving  and  rejecting  heat,  and  the 
atmospheric  pressure,  are  merely  assumed  as  probable.  The  waste 
of  heat  in  the  regenerator  is  assumed  at  one-tenth. 

Data. 

T2=122^;  rg  =  583°-2; 

Ti  =  413°-6;  rj  =  874°-8; 

r  =  l-54;  ^  =  1-5. 

*'2 


Fresaurea — 


Eesults. 
p»  =  2116-4;  p^  =p^  =  3259-3. 


Volvmea — 

v^  =  14*65;  t?j  (greatest  volume)  =  21*97; 

V4  =  9'51;  r.  =  14-27. 

TherTnodyriamic/tmcHon — 

(pj  -  ^.  =  122-38  X  0-1875  =  22-95. 

Foot-lbs. 
LaterU heat  ofexpa/ndon, Hj  =  8748  x  22-95  =  20077 

Heat  uxuted  by  regenerator, ^q =    ^^^^ 


Whole  heat  expended  per  lb.  of  air  per  stroke, 25426 

Heatr^ecM, H^  =  583-2  x  22-95      13385 

Mechomical  energy  per  lb.  air  per  stroke — 

U  =  29r-6  X  22-95        6692 
Efficiency  of  fluids  supposing  no  heat  wasted,  ^. 
Effi>cie7usy  of  fluid,  estimating  heat  wasted  as  above — 

Mecm  effective  preeawre — 
— --  =  305  lbs.  on  the  square  foot  =  2-12  lbs.  on  the  square  inch. 
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The  air  eugines  of  the  '*  Ericsson  '*  had  foiir  working  cylindern, 
each  of  14  feet  in  diameter,  so  that  the  joint  area  of  ^eir  pistons 
was 

154  X  4  =  616  square  feet 

The  length  of  stroke  was  6  feet ;  the  number  of  revolutions  per 
minute  9 ;  hence,  according  to  th&  above  computation  of  the  mean 
effective  pressure,  the  energy  exerted  by  the  fluid  on  the  piston 

305  X  616  X  6  X  9  =  10,145,520  foot-lbs.  per  minute; 
or  307  indicated  horse-power. 

In  Professor  Norton's  report,  the  indicated  horse-power  )  «/^Q 
of  those  engines  is  stated  to  have  been j 


Difference,. 


Vclvme  to  he  swept  th/rough  hy  the  working  pistons  per  indicaied 

horse-pouter — 

33000 

^    =108  cubic  feet  per  minute ; 

by  the  compressing  pistons,  72  cubic  feet  per  minute. 

These  results  show  the  excessive  bulk  of  the  air  engines  of  the 
"Ericsson"  in  proportion  to  their  power;  being  the  chief  obstacle 
to  their  use  for  marine  propulsion. 

According  to  Professor  Norton,  the  quantity  of  fuel  (anthracite) 
consumed  in  those  engines  per  indicated  horse-power  per  hour,  was 

1-87  lb. 

Ihis  gives,  for  the  diUy  of  one  lb.  of  anthracite, 

1,980,000 


1-87 


=  1,059,000  foot-lbs. 


A  probable  estimate  of  the  theoretical  evaporative  power  of  the 
anthracite  used  is  14  lbs.  of  water  evaporated  from  and  at  212^, 
which  gives  for  the  mechanical  equivalent  of  the  total  heat  of  com- 
bustion of  1  lb.  of  the  fuel 

10,440,000  foot-lbs. 

Hence  the  remltomt  efficiency  of  the  furnace  and  fluid  appears  to 
have  been 

1,059,000 


10,440,000 


=  01014. 


The  probable  efficiency  of  the  fluid  has  already  been  computed  to 
have  been  0-263;  hence  the  probable  efficiency  of  the  furnace  was 
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01014 


0-263 


=  0'4  nearly; 


being  about  equal  to  the  lowest  efficiency  of  steam  boiler  furnaces. 
The  heating  surface  in  the  engines  of  the  *'  Ericsson  "  consisted 
simply  of  the  bottoms  of  the  cylinders,  and  amounted  in  round 
numbers  to  about  700  square  feet.  The  consumption  of  fuel  per 
hour  was  560  lbs.  Employing  these  data  in  equation  2  of  Article 
234,  and  making  £  =  H»  A  =  0*5  (or  taking,  in  the  table  of  page 
295,  the  efficiency  corresponding  to  S  -r  F  =  1  -25),  we  find  for  the 
efficiency  of  a  steam  boiler /vmace  having  the  same  ai^ea  of  heating 
surface,  and  burning  fuel  at  the  same  rate, 

0-71. 

The  difference  between  this  and  0*4  must  be  ascribed  to  the 
great  inferiority  of  air  to  boiling  water^  as  a  medium  for  the  con- 
vection  of  heat. 

It  appears  &om  the  preceding  calculations,  that  notwithstanding 
the  low  efficiency  of  the  furnace  in  Ericsson's  air  engine,  the  effi- 
ciency of  the  fluid  was  so  great  as  to  give  a  resultant  efficiency 
superior  to  that  of  almost  all  steam  engines  at  the  time  of  the 
experiments  referred  to. 

The  difficulty  arising  from  the  great  bulk  of  the  engine  compared 
with  its  power,  might  be,  and  probably  has  been  already,  obviated 
to  a  certain  extent,  by  making  the  engine  draw  its  supply  of  air 
from,  and  deliver  ih&  air  from  the  eduction  valve  /  into,  a  second 
receiver  containing  compressed  air  at  a  lower  pressure  than  that  of 
the  air  in  the  receiver  R  In  this  case,  p^  =Pb  would  denote  the 
pressure  of  the  air  in  the  second  receiver,  exceeding  the  atmo- 
spheric pressure  in  an  arbitrary  ratio ;  p^=:p^=zrp„  as  before, 
would  denote  the  pressure  in  iJie  first  receiver  F;  and  the  mean 
effective  pressure  would  be  increased,  and  the  space  to  be  swept 
though  by  the  piston  per  horse-power  per  minute,  and  conse- 
quently the  bulk  of  the  engine,  would  be  diminished,  in  the  ratio 
ofpt  to  the  atmospheric  pressure. 

The  engine,  as  thus  altered,  would  require  to  be  provided  with  a 
small  compressing  feed  pump,  to  draw  from  the  atmosphere  and 
force  into  the  second  receiver  enough  of  air  to  supply  the  loss  by 
leakage. 

A  refrigerator,  consisting  of  tubes  with  a  current  of  cold  water 
forced  through  them,  or  other  suitable  apparatus,  would  be  needed, 
in  order  to  abstract  from  the  air  passing  from  the  regenerator  to 
the  second  receiver,  the  heat  which  the  regenerator  fails  to  abstract 
from  it,  by  reason  of  the  imperfection  of  its  action ;  being  in  fact, 
the  waste  heat  of  the  regenerator  already  referred  to. 
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It  might  also  be  necessary  to  surround  the  compressing  pump  D 
-with  a  casing  containing  a  current  of  cold  water,  to  absl^ract  the 
heat  produced  by  the  compression  of  the  air;  because,  owing  to 
the  diminished  size  of  that  cylinder,  the  abstraction  of  the  heat  by 
means  of  its  contact  with  the  external  air  might  not  be  suf&ciently 
rapid. 

Some  means  would  have  to  be  adopted  to  augment  the  heating 
surface  exposed  to  the  famace  by  the  working  cylinder,  without 
inconveniently  increasing  the  space  occupied  by  the  engine.  A 
contrivance  proposed  for  that  purpose  will  be  described  at  the  end 
of  the  next  Article. 

275.  Teaipenunw  Chaiifled  at  CwaaiuiC  TehuM— flUilteg^i  £■«&» 
— Napier  wid  WLmMkime*m  Air  fllMlcr. — In  fig.  103,  Article  273, 
A  B  CT  D'  represents  the  diagram  of  a  perfect  engine  of  the  class 
now  under  consideration.  A  B  represents 
the  expansion  of  the  air  at  the  constant 
absolute  temperature  r^;  B  C\  the  lower- 
ing temperature  of  the  air  by  transmiaaJon 
through  a  regenerator,  at  the  constant 
volume  v^  =  t7«;  C  D',  the  compression  of 
the  air,  at  the  constant  absolute  temperar 
ture  4-2 ;  D'  A,  the  raising  the  temperature 
of  the  air,  at  the  constant  volume  v^  =  r« 


r 


This  mode  of  regulating  the  operations 
undergone  by  the  air  is  suitable  for  an 
*^'  ^    *  engine  in  wWch  the  same  individual  mass 

of  air  is  kept  constantly  confined  within  an  enclosed  space  of 
variable  volume:  an  arrangement  &vourable  to  compactness,  as 
the  air  can  be  used  at  any  pressure  consistent  with  safety.  To 
show  the  general  nature  of  the  apparatus  by  means  of  which  the 
air  is  so  treated,  fig.  105  is  a  vertical  section  of  the  principal 
parts  of  the  air  engine  invented  by  Dr.  Bobert  Stirling,  and 
improved  by  Mr.  James  Stirling.  DOABACD  is  tie  air 
receiver,  or  heating  and  cooling  vessel;  G  is  the  cylinder,  with  its 
piston  H.  The  receiver  and  cylinder  communicate  freely  through 
the  nozzle  F,  which  is  at  all  times  open  while  the  engine  works. 

Within  the  receiver  is  an  inner  receiver  or  lining  of  a  similar 
figure,  so  far  as  it  extends,  viz.,  from  B  to  C  C.  The  hemispherical 
bottom  of  this  lining  is  pierced  with  many  small  holes,  and  the 
space  between  it  and  the  bottom  of  the  outer  receiver  is  vacant. 
From  A  A  up  to  C  C,  the  annular  space  between  the  outer  receiver 
and  its  lining  contains  the  regeneiutor;  being  a  grating  composed 
of  a  series  of  thin  vertical  oblong  strips  of  me^  or  glass,  with 
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narrow  passages  between  them.  The  inner  surface  of  the  cylin- 
drical  part  of  the  lining,  from  A  A  up  to  C  C,  is  turned,  and  the 
plunger  £  moves  yerticallj  up  and  down  within  it,  fitting  easily, 
so  as  to  leave  the  least  space  possible  without  causing  perceptible 
friction.  This  plunger  is  hollow,  and  filled  with  brick  dust,  or 
some  such  slow  conductor  of  heat. 

The  space  from  C  C  to  D  D  between  the  barrel  of  the  receiver 
and  the  concave  part  of  its  cover,  and  above  the  upper  edge  of  the 
lining,  contains  the  "  refrigeratory'*  which  consists  of  a  horizontal  ' 
coil  of  fine  copper  tube,  through  which  a  current  of  cold  water  is 
forced  by  a  pump,  not  shown  in  the  figure. 

There  is  an  air  compressing  pump,  not  shown,  which  forces  into 
the  nozzle  F  enough  of  air  to  supply  the  loss  by  leakage. 

The  hemispherical  bottom  A  B  A  of  the  receiver  forms  the  heat- 
ing sur&ce  which  is  exposed  to  the  furnace. 

The  effect  of  the  alternate  motion  of  the  plunger  E  up  and  down 
is  to  transfer  a  certain  mass  of  air,  which  may  be  called  the  working 
avTy  alternately  to  the  upper  and  lower  end  of  the  receiver,  by 
making  it  pass  up  and  down  through  the  regenerator  between  A  A 
and  C  C.  The  perforated  hemispherical  lining  of  the  bottom  of 
the  receiver  causes  a  difi^sion  and  rapid  drctdation  of  the  air  as  it 
passes  into  the  lower  end  of  the  receiver,  and  thus  facilitates  the 
convection  of  heat  to  it,  for  the  purpose  of  enabling  it  to  undergo 
the  expansion  represented  by  A£  in  fig.  103;  during  which 
expansion  it  lifts  ^e  piston  H.  The  descent  of  the  plunger  causes 
the  air  to  return  through  the  regenerator  to  the  upper  end  of  the 
receiver.  It  leaves  the  greater  part  of  the  heat  corresponding  to 
the  range  of  temperature  r^  —  r^  stored  in  the  plates  of  the  regen- 
erator. The  remainder  of  that  heat  (being  the  heat  wasted  by  the 
imperfect  action  of  the  regenerator)  is  abstracted  by  the  refrigerator, 
wluch  also  abstracts  the  heat  proauced  by  the  compression  of  the 
air  when  the  piston  H  descends.  The  heat  stored  in  the  regenera- 
tor serves  to  raise  the  temperature  of  the  air,  when,  by  the  lifting 
of  the  plunger  E,  it  is  sent  back  to  the  lower  end  of  the  receiver. 

The  mechanism  for  moving  the  plunger  E  is  so  adjusted,  that 
the  up  stroke  of  that  plunger  takes  place  when  the  piston  H  is  at 
or  near  the  beginning  of  its  forward  stroke,  and  the  down  stroke  of 
the  plunger  when  the  piston  H  is  at  or  neai*  the  beginning  of  its 
'back  stroke. 

The  diagram  represents  a  single  acting  engine.  In  a  double 
acting  engine,  the  other  end  of  the  cylinder  G  is  connected  with 
another  air  receiver  similar  to  that  shown,  and  the  plungers  of  the 
two  receivers  are  made  to  move  in  opposite  directions  to  each  other. 

Besides  the  vxyrking  air,  there  is  obviously  a  mass  of  air  which 
does  not  pass  up  and  down  through  the  regenerator,  but  merely 
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passes  into  and  out  of  the  cylinder  G  and  nozzle  F.  This  mass  of 
air  remains  always  nearly  at  the  lower  absolute  temperature  r^ 
and  is  not  the  means  of  transforming  heat  to  mechanical  enez^, 
but  merely  of  transmitting  pressure  and  motion  between  the  work- 
ing air  and  the  piston.  The  piston  and  cylinder  being  always  cool, 
can  be  lubricated  with  oil  without  the  risk  of  decomposing  it;  and 
the  piston  rod  can  be  made  to  work  through  a  leather  collar.  (For 
details  respecting  this  engine,  see  Proceedings  of  the  InstihOlcm  of 
Civil  Engineers,  1854.) 

The  general  theory  of  the  action  of  a  mass  of  elastic  fluid  in  a 
heat  engine  as  a  cushion  between  the  working  fluid  and  the  piston, 
has  already  been  given  in  Article  262.  The  application  of  that 
theory  to  the  present  case  is  shown  in  ^^  106. 

Let  A  B  C  D  be  the  real  digram 
of  one  lb.  of  the  working  mass  of 
air,  so  that  P  B  =  QlO=t7j  =  r,re- 
presents  its  greatest  volume  in  cubic 
feet  per  lb.  This  represents  the 
space  below  the  plunger  of  the  re- 
ceiver when  it  is  at  the  top  of  its 
stroke.  Add  a  space  equal  to  the 
volume  of  the  air  contained  in  the 
port  F,  in  the  clearance  below  the 
piston  H,  in  the  spaces  between  the  coils  of  the  refrigerating  tube, 
and  in  those  of  the  upper  half  of  the  regenerator;  the  sum  will  be 
the  whole  space  filled  with  air  when  the  piston  H  is  at  the  end  of 
its  back  stroke  and  beginning  of  its  forward  stroke.  Through  A 
draw  N I  parallel  to  OX  to  represent  that  space;  then  A I  repre- 
sents the  volume  of  the  cushion  air  when  it  is  under  the  greatest 
pressure.  Make  N  E  =  A  I,  and  make  £  F  H  G  an  isothermal 
curve ;  that  is,  a  common  hyperbola,  the  product  of  whose  rectan- 
gular co-ordinates  ONxNE,  OPxPF,  &c,  is  constant  Draw 
P^F,  RDH,  Q  C  Q,  parallel  to  O X,  and  make  BK  =  FF, 
D  M  =  R  H,  C  L  =  Q  G ;  then  K,  L,  M,  and  the  point  I  formerly 
found,  will  be  the  comers  of  the  actual  diagram  of  the  cylinder; 
and  any  number  of  intermediate  points  in  that  diagram  can  be 
foimd  in  a  similar  manner.  The  voIutm  to  he  swept  Uvrough  by  the 
piston  per  pound  of  air  per  stroke  is  represented  by 

QT-NL 
The  ratio  of  the  weight  of  the  cushion  air  to  the  weight  of  the 
working  air,  being  that  of  the  volumes  of  those  masses  of  air  at  the 
same  temperature,  is 

Q  G  ^  Q  C. 


Fig.  106. 
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The  algebraical  expression  of  these  principles  will  be  given  after 
the  formulfie  relating  to  the  efficiency  of  the  fluid 

The  actual  indicator  diagram  described  by  Stirling's  air  engine 
was  an  oval,  resembling  the  figure  I  K  L  M  with  the  comers 
rounded  off.  This  must  be  ascribed  partly  to  the  fact,  that  the 
operations  actually  performed  on  the  working  air,  are  only  approxi- 
mately represented  by  the  figure  A  B  C  D,  the  heating  and  cooling 
not  taking  place  exactly  at  constant  volumes,  nor  the  expansion 
and  compression  exactly  at  constant  temperatures,  and  partly  to 
the  inertia  of  the  piston  and  other  moving  parts  of  the  indicator. 

The  following  are  the  formulae  appropriate  to  the  class  of  engine 
now  under  consideration : — 

Data. 

«-«,  absolute  temperature  of  receiving  heat,  and  expanding  the 
working  air. 

^2,  absolute  temperature  of  compressing  the  working  air,  and 
rejecting  heat. 

p«,  greatest  pressure. 

r,  ratio  of  expansion. 

q,  ratio  of  volimie  of  clearance  and  passages  to  greatest  volume 
of  working  air. 

Infig.  106,|^  =  l+y. 

Results, 
per  lb.  of  working  air  per  stroke — 

Preaswreg —  jt?^  =  ^ ; 


r 


T 


Tj  .rj 


.(1.) 


YoLumes  of  one  Ih.  ofvxyrldng  air — 

5315  r 

v.  =  Vrf  = -;  v^z=zv,  =  rv^ (2.) 

P» 

TJiermodynamic  function — 

ft  -  f.  =  53-15  hyp  log  r  =  122-38  com  log  r (3.) 

Ea^penditure  of  heat  in  expanding  the  air — 

Hi  =  122-38  T^  com  log  r (4.) 
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Waste  heat  of  regenerator — 

mK^ir^-T^ (5.) 

(m  =  from  tV  to  ^  ?  K^  =  130-3). 
Heat  rejected  during  the  compression  of  the  air — 

Hg  =  122-38  •  -Tg  .  com  log  r. (6.) 

Mechanical  energy — 

U  =  122-38  (rj-Tj)  com  log  r !....(7.) 

Efficiency y  if  m  =  iV  nearly — 

U 


.(8.) 


Hi+13(r,-.r,) 

The  following  formula  have  reference  to  the  volume  of  the 
cushion  air,  and  of  the  whole  air,  working  air  and  cushion  air 
together,  per  lb,  of  working  air;  and  the  small  letters  affixed  to  the 
letter  v  i-efer  to  the  points  marked  with  the  corresponding  capital 
letters  in  ^,.  106  :— 


.(9.) 


.(10.) 


Leaait  total  volume  of  air — 

v,  =  (l  +  ^)t?, 

VoL^MMa  of  cushion  air — 

t7.  =  ri-v.  =  t7.[(l  +  gr)r— 1}; 

t;,  =  5;t;,  =  rpr,=  ^t;.Kl+y)r-lJ. 

Total  volumes — 

v»  =  n  +  tv;  t?«  =  v4  +  VA; 

Vi=:V,  +  Vg 

=••{('+')•••?.-?+'}•. 

Eaiio  of  cushion  air  to  working  air — 

l  =  l{il^,)r-l} (12.) 

Volume  swept  through  by  the  piston  per  lb.  of  air  per  stroke— 


(11.) 


STIBLIKO'S  AIB  ENGINE.  367 

v,^v,=zv.{(r^l)'-^  +y(r^_l)| (13.) 

Mecm  effective  pressure — 


"       (u.) 


Vi-Vi 


The  quantities  taken  as  data  in  the  preceding  set  of  formulse  are 
those  which  would  probably  be  given  for  a  proposed  engina  In 
the  case  of  an  existing  engine,  and  sometimes  in  the  case  of  a  pro- 
posed engine  also,  the  ratio  of  expansion  r  may  at  first  be  unknown ; 
and  instead  of  it  these  may  be  given,  the  proportion  of  the  space 
swept  through  by  the  piston  to  the  space  swept  through  by  the 
plunger,  viz.. 

In  this  case,  the  following  formula,  deduced  &om  equation  13, 
serves  to  determine  the  ratio  of  expansion : — 

'=ri-,{r;C^'+«)+'}^ w 

which  having  been  found,  all  the  formulse  can  be  used  as  already 
given. 

In  the  following  numerical  example,  the  data  are  taken  firom  the 
account  by  Mr.  James  Stirling,  in  tiie  Proceedings  of  the  Instiiutian 
of  Civil  Engineers,  for  1845,  of  an  air  engine  wluch  worked  for 
several  years  at  the  Dundee  foundry : — 

Data. 

Ti  =  650^j  Ti=:llir-2. 

T,  =  150°j  ^2  =  611-2. 

p.  =  240x144  =  34,560. 

q,  roughly  estimated  at  0*05. 

r  =  ji^  1 0-55  (0-5  +  0-05)  +  1 }  =  1-24. 
p,  r=  27870;  p,  =  15330;  pt  =  19000. 
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t;.  =  Vrf=:l-709;  r,z=  t;.  =  2-119. 
^4  -  ^.  =  122-38  X  0-09517  =  11-647. 

Latent  heat  of  expansion, H^  =  11-647  x  1111-2  =  12942 

Waste  heat  of  r^enerator, 13x500=   6500 

Whole  heat  expended  per  lb.  of  air  per  stroke, 19442 

Rejected  heat, H2  =  11647  x  6112        7119 

Mechanical  energy  per  lb.  air  per  stroke — 

U  =  11-647x500=   5823 

Efficiency  qfjluid—         T9743  =  ^'^- 

Volume  swept  by  piston  per  lb.  of  air  per  stroke — 
Vi-Vt  =  2119  ^  2  =  1-06  cubic  feet. 
Mean  effective  pressnre — 

=:  T-A^  =:  ^437  lbs.  on  the  square  foot 

Vt-Vi        l-Oo  ^ 

=  37  75  lbs.  on  the  square  inch. 

The  engine  to  which  these  calculations  refer  was  double  acting, 
with  a  cylinder  of  16  inches  diameter^  and  4  feet  length  of  stroke, 
making  28  revolutions  per  minute. 

Hence,        area  of  piston  =  200  square  inches;  and 

Energy  exerted  by  air  on  piston  per  minute,  as  found  by  calcula- 
tion— 

==  37-75  X  200  X  4  X  28  X  2  =  1,691,200  foot-lbs. 

The  work  actually  performed  against  a  friction 

brake  dynamometer  per  minute  was, 1,500,000 

And  the  work  performed  against  the  friction  of 
the  engine  when  unloaded,  having  been  found 
to  be  one-ninth  of  the  usefid  work,  or. 1 66,66'j 


The  energy  exerted  by  the  air  on  the  piston  per 
minute  is  found  from  the  experiments  to  have 
been 1,666,667 


The  difference  between  theory  and  experiment,....  24,533 

is  practically  unimportant 
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The  work  expended  on  the  friction  of  the  engine  is  estimated  at 
one-tenth  of  the  whole  enei^  exerted  by  the  air;  because  it  was 
found  that  when  the  receivers  were  charged  with  air  at  about  one- 
tenth  of  the  ordinary  working  density,  the  power  of  the  engine  was 
just  sufficient  to  enable  it  to  move  unloaded 

The  following  is  a  comparison  between  theory  and  experiment, 
as  to  the  quantity  of  heat  abstracted  by  the  refrigerating  appara- 
tus:— 

By  theory,  the  efficiency  of  the  fluid  in  the  engine  is  found  to 
have  been  0'3 ;  that  is,  three-tenths  of  the  whole  heat  received  by 
the  fluid  were  converted  into  mechanical  energy,  leaving  seven- 
tenths  to  be  abstracted  by  the  refrigerator.  Therefore,  &e  heat 
abstracted  by  the  refrigerator  exceeded  the  heat  converted  into 
mechanical  energy  in  the  ratio  of  7  to  3.  The  mechanical  energy 
exerted  by  the  fluid  was  1,691,200  foot-lbs.  per  minute.  Therefore 
the  heat  abstracted  by  the  refrigerator  per  minute  was 

h 

1,691^200  X  —  =  3,946,000  foot-lbs. 

Mr.  Stirling  states,  that  the  quantity  of 
water  passed  through  the  refrigerator 
was  4  cubic  feet;  that  is,  250  Iba  per 
minute,  and  that  its  temperature  was 
raised  from  16''  to  18^  by  the  heat  which 
it  abstracted.  Take  17°  as  the  averi^ 
elevation  of  its  temperature;  then,  as  the 
dynamical  spedflc  heat  of  water  is  772 
foot-lbs.,  we  have,  for  the  heat  abstracted 
by  this  quantity  of  water,  250  x  17x722  =  3,281,000      „ 

Difference 665,000 

or  about  one-sixth  of  the  greater  quantity.  * 

This  difference  may  be  partly  accounted  for  by  the  fact,  that  part 
of  the  heat  abstracted  frx)m  the  working  air  must  have  been  con- 
ducted through  the  covers  and  the  upper  portions  of  the  sides  of 
the  receivers  to  the  external  air,  without  affecting  the  water  in  the 
coils  of  tube.  It  is  possible,  also,  that  the  waste  of  heat  through 
imperfect  action  of  the  r^enerator  may  have  been  over-estimated 
in  the  theoretical  calculation. 

The  energy  exerted  by  the  fluid  in  an  hour  was 

1,666,667  X  60  =  100,000,000  foot-lbs. 

The  ftiel  consumed  in  12  hours  was  1000  lbs.,  or  83*3  lbs.  per 
hour,  so  that  the  indicated  duJt/y  of  one  lb.  of  coal  was 

2b 
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100,000,000 


=  1,200,000  foot-lbs. 


83-3 

Mr.  Stirling  considers  the  coal  employed  to  have  been  of  about 
three-fourtha  of  the  evaporative  power  of  Newcastle  coaL  Assum- 
ing, therefore,  the  total  heat  of  combustion  of  one  lb.  of  the  coal  to 
have  been 

9,000,000  foot-lbs., 

we  find  for  the  resuUarU  efficierusy  of  the  furnace  and  fluid, 

1,200,000 


9,000,000 


=  0-133. 


The  efficiency  of  the  fluid  having  been  0*3,  it  appears  that  the 
efficiency  ofthefu/mace  was 


0-133 


0-3 


=  0-44, 


The  heating  surface  was  about  75  square  feet.  In  a  steam  boiler 
furnace,  burning  the  same  quantity  of  fuel,  this  would  have  given 
an  efficiency  of  about 

0-61. 

In  Stirling's  engine,  therefore,  the  efficiency  of  the  furnace 
approached  more  nearly  to  that  of  a  steam  boiler  furnace,  than  in 

Ericsson's  engine,  owing  pro- 
bably to  the  greater  density  of 
the  air,  and  its  more  rapid  cir- 
culation over  the  bottom  of  the 


\^ 


U 


J 


T 


y 


i 


Fig.  107. 
descend  into  a  flame  chamber. 


receiver. 

With  a  view  to  increasing  the 
efficiency  of  air  engines  by  ob- 
taining an  extensive  heating 
surface,  without  inconveniently 
enlarging  their  bulk,  Mr.  James 
R  Napier,  and  the  Author  of 
this  work,  have  proposed  the 
heating  apparatus  shown  in  fig. 
107.  That  figure  represents 
the  bottom  of  a  cylindrical  air 

-  receiver,   consisting  of  a  flat 

-  tube-plate,  from  which  several 
tubes,  open  at  the  upper  end, 
and  closed  at  the  lower  end, 

P  is  the  lower  end  of  a  plunger, 
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corresponding  to  that  marked  E  in  fig.  105.  In  fig.  107,  the 
r^;enerator  occupies  a  cylindrical  hole  in  the  centre  of  that 
plunger;  but  it  might,  if  convenient,  occupy  an  annular  space 
surrounding  the  plunger,  as  in  fig.  105. 

S  is  a  second,  or  lower  plunger,  consisting  of  a  perforated  plate, 
from  which  cylindrical  rods  descend  into  the  tubes,  and  nearly  fit 
them.  When  the  lower  plunger  is  depressed,  the  rods  nearly  fill 
the  tubes,  and  the  heat  transmitted  from  the  furnace  accumulates 
in  the  metal  of  the  tubes  and  rods.  When  the  lower  plunger  is 
raised,  part  of  the  air  descends  into  the  tubes,  and  is  heated  by 
contact  with  them  and  with  the  rods,  and  part  remains  in  the  large 
cylindrical  part  of  the  receiver,  and  is  heated  by  contact  with  the 
upper  ends  of  the  rods.  This  apparatus  has  been  found  to  heat  the 
air  rapidly;  but  its  efficiency  has  not  yet  been  ascertained  by  any 
exact  experiment. 

276.  Hart  Bccetredi  aad  imedcil  at  Coftaiant  PMsamrea — Joalc's 
Bnstac, — In  a  paper  by  Mr.  Joule,  with  a  supplement  by  Professor 
William  Thomson,  in  the  Fhilosophical  Trcmscictiana  for  1851,  it  is 
proposed  to  use  an  air  engine  in  which  the  regenerator  and  refri- 
gerator are  dispensed  witi^;  so  that  the  air  shall  receive  and  reject 
heat,  not  at  a  pair  of  constant  temperatures,  but  at  a  pair  of  con- 
stant pressures. 

This  proposed  engine  would  consist  essentially  of  three  parts — a 
compressing  pump,  a  heating  vessel  (being  a  set  of  tubes  tiuversing 
a  furnace),  and  a  working  cylinder.  The  compressing  pump 
and  worlung  cylinder  would  be  clothed  with  non-conducting 
materials. 

The  compressing  pump  would  draw  air  from  the  atmosphere, 
compress  it  in  a  certain  proportion,  and  force  it  into  one  end  of 
the  heating  vessel,  at  a  temperature  elevated  above  the  atmospheric 
temperaturo  to  an  extent  corresponding  to  the  compression.  In 
the  heating  vessel,  the  air  woiild  have  its  temperature  frirther 
raised,  and  its  volume  expanded,  at  constant  pressure,  by  the  heat 
received  from  the  frimace.  From  the  £eurther  end  of  the  heating 
vessel,  the  air  would  pass  through  an  induction  valve  into  the 
working  cylinder,  driving  the  piston  through  a  certain  pai-t  of  a 
stroke.  The  valve  being  closed,  and  the  admission  of  air  cut  ofi; 
the  piston  would  be  driven  through  the  remainder  of  its  stroke  by 
the  expansion  of  the  air  down  to  the  atmospheric  pressure ;  and 
during  that  expansion,  the  temperature  would  fall  to  a  certain 
extent.  The  air  would  then  be  discharged  into  the  atmosphere 
at  a  temperature  exceeding  the  atmospheric  temperature,  the 
heat  due  to  the  excess  of  temperature  being  rejected  along  with 
the  air. 

In  fig.  108,  A  B  C  D  A  represents  the  diagram  of  energy  of  such 
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an  engine,  being  found  by  taking  away  E  A  D  F  E,  the  diagram 
of  the  compressing  pmnp,  from  E  B  C  F  E,  the  diagram  of  the 
working  cylinder. 

The  straight  line  F  D  represents  the  voliraie  v^,  of  one  lb.  of  air, 
drawn  from  the  atmosphere,  at  the  atmospheric  pressure  p^y  and 
absolute  temperature  r^ 

D  A,  a  portion  of  an  adiabatic 
curve,  represents  the  compres- 
sion of  that  air,  until  it  attains 
the  pressure,  volume,  and  tem- 
perature, p^  t?a,  T.. 

The  stiTiight  line  EA  repre- 

sents  the  volume  v^  of  the  com- 

Flg,  108.  pressed  air,  as  forced  into  the 

heating  vessel. 

The  straight  line  E  B  represents  the  volume  Vj,  of  that  air  after 

it  has  traversed  the  heating  vessel,  and  as  it  enters  the  working 

cylinder  imder  the  constant  pressure  p„  and  at  the  highest  absolute 

temperature  r^ 

B  O,  a  portion  of  an  adiabatic  curve,  meeting  the  straight  line 
F  D  C  in  C,  represents  the  expansion  of  the  air  to  the  volume  v^, 
at  which  it  returns  to  the  atmospheric  pressure  p^  =Pdf  ^^^  ^^^  to 
a  certain  temperature  r^ 

C  F  represents  v,,  the  volume  of  the  air  when  finally  expelled 
into  the  atmosphere. 

The  heat  received  by  each  pound  of  air  is  represented  by  the 
area  between  A  B,  and  the  indefinitely  prolonged  adiabatic  curves 
ADM,BCN. 

The  heat  rejected  with  each  pound  of  the  air  when  discharged  is 
represented  by  the  area  between  D  C  and  the  curves  D  M,  C  N. 

The  energy  exerted  by  each  pound  of  air  is  represented  by  the 
area  A  BCD. 

The  volume  swept  through  by  the  piston  of  the  working  cylinder 
per  pound  of  air  is  F  C  =  v, :  the  volume  swept  through  by  the 
piston  of  the  pump  is  F  D  =  v^. 

The  following  ai'e  the  formulse  proper  to  this  kind  of  engine : — 


Data. 

Atmospheric  pressure  and  absolute  temperature,  p^,  r^ 
Batio  of  compression  and  expansion,  r. 
Highest  absolute  temperature,  r^ 
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Results, 
per  pound  of  air. 

Absolute  temperatnrea — 

T.=  r,r^-l  =  r,^;r.  =  ^ (1.) 

Fresaures — 

Pa^P^=P4^  =  Pdr'"^;  P.=P4 (2.) 

Volumes — 

5315  u 


»4  = 


Pa 


.(3.) 


Heat  received — 

Hi  =  183-45  (t»  -  r.)  =  183-45  (t»  -  r^  r***) (4.) 

Heat  rejected — 

Hg  =  183-45  {r.  -  r,)  =  183-45  (^-  .,)  =^V"  (5.) 
Energy  exerted — 
U  =  H,-H,  =  183-45  {  n  (l  -  ^^)  -  r,  (yn*- 1)  } 

=  Hi(l-^); (6.) 

Efficiency  o/Jluid — 

Hi""      r,       ""~V  ^"^ ^    ' 

if  0an  effective  pressure — 

5  =  3-451i>4(**^-l)  (l  -^'•»^) (^.) 

The  following  is  a  numerical  example,  which,  however,  is  ima- 
I  ginaiy?  as  no  experiments  have  been  made  on  engines  of  the  kind 
i  now  considered : — 
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Data. 

;?^  =  2116-4;  T^  =  50^^  r^  =  5ir-2; 

r=2; 

T*  =  56r-2.-.n=1022°-4. 

Results. 

»^  =  1-327;  -^  =  0-7537;  ^  =  |. 

r.  =  678^-4  . -.  T.  =  2l7"-2;  r.  =  7706 . -.  T.  =  309^-4. 

p,  =zp,  =  2-654  X  2116-4  =  5617;  p.  =zp^  =  2116-4. 

Vrf  =  12-84;  t>.=  6-42;  i?4  =  9-68;  r.  =  19-35; 

Hi  =  183-45  X  344*^  =  63107 

Hg  =  183-45  X  259-4  =  47587 

U  =  183-45  X  84-6   15520 

15520 
Efficiency  of  fluid,         ^^^  =  0-246. 

Mean  effective  pressure — 

15520 
19-35 


=  802  lbs.  on  the  square  foot  =  5-57  lbs.  on  the  square  inch. 


If  an  engine  of  this  class  were  made  to  work  up  to  a  high  tem- 
perature, it  would  be  necessary  to  keep  the  packing  of  the  piston 
cool  by  some  such  means  as  making  the  lower  part  of  the  piston, 
as  in  Ericsson's  engine,  hang  considerably  below  the  packing  ring, 
its  interior  being  hollow,  and  filled  with  a  slowly  conducting 
material. 

277.   Farmice-Oas  EngliiM  — Caylcy**— 0«ffdbB*s — Arenler  de   la 

Oree*B. — ^The  greater  part  of  the  waste  of  heat  from  the  furnace 
might  be  prevented  if  it  were  practicable  to  drive  the  piston  of  an 
engine  directly  by  means  of  the  hot  gaseous  products  of  combus- 
tion. An  engine  of  this  kind  was  made  and  worked  experimentally 
by  Sir  C^rge  Cayley.  It  consists  essentially  of  the  same  pajrts 
with  the  air  engine  described  in  the  preceding  Article,  except  that 
in  the  furnace  gas  engine,  the  heating  vessel  and  the  furnace  ai-e 
one;  that  is  to  say,  the  compressing  pump  draws  air  from  the 
atmosphere,  compresses  it,  and  forces  it  into  a  strong  air-tight 
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furnace,  where  its  oxygen  combines  with  the  fuel ;  then  the  mixed 
hot  gas  produced  hj  the  combustion  is  admitted  into  the  working 
cylinder,  where  it  drives  the  piston  through  part  of  its  stroke  at 
full  pressure,  and  through  the  remainder  by  expansion,  imtil  it 
fa]ls  to  the  atmospheric  pressure,  and  is  discharged.  The  furnace 
is  fed  through  a  double  valve,  which  is  so  constructed,  that  fuel  can 
be  introduced  through  it  without  permitting  the  escape  of  more 
than  a  very  small  quantity  of  the  compressed  air. 

The  theoretical  diagram  of  such  an  engine,  and  the  formulse 
applicable  to  it,  are  exactly  similar  to  those  given  in  Article  276, 
except  that  the  furnace  gas  is  somewhat  denser  than  air.  This 
difference  may  be  allowed  for  by  conceiving,  that  all  the  formtdse, 
instead  of  having  reference  to  one  pound  of  the  gas,  have  reference 
to  80  much  of  the  gas  cu  is  produced  by  supplying  one  pou/nd  of  air 
to  the  furnace. 

The  cylinder,  piston,  and  valves  of  this  engine,  were  found  to  be 
so  rapidly  destroyed  by  the  intense  heat,  and  the  dust  from  the 
fuel,  that  no  attempt  was  made  to  bring  it  into  general  practical  use. 

An  engine  on  nearly  the  same  principle  was  invented  by  Mr. 
Alexander  Gordon. 

Dr.  Avenier  de  la  Gr^e  has  proposed  a  kind  of  furnace-gas  engine 
in  which,  so  far  as  it  can  be  judged  of  by  mere  description,  without 
experiment,  the  difficulties  arising  from  the  dust  and  heat  may 
very  probably  be  overcome ;  and  the  only  objection  will  be  that 
common  to  all  air  engines  which  draw  a  cylinderful  of  air  frx>m 
the  atmosphere  at  each  stroke,  viz.,  the  greatness  of  their  bulk  in 
proportion  to  their  power;  but  it  would  be  unjustifiable  to  publish 
any  details  respecting  this  invention,  until  after  the  inventor  shall 
himself  have  published  an  account  of  it 

Section  5, — Of  the  Effieiency  of  the  Fluid  in  Steam  Engines. 
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sketches  which  have  already  been  given  in  fig.  17,  page  48,  and  in 
fig.  99,  page  337,  illustrate  the  general  character  of  &e  diagrams 
which  indicate  the  energy  exerted  by  the  steam  in  the  cylinders  of 
steam  engines. 

The  curves  actually  described  on  the  indicator  cards  of  these 
engines  present  so  many  differences  as  to  the  mode  in  which  the 
pressure  and  volunltd  of  the  steam  vaiy  during  its  action  on  the 
piston,  that  their  figures  cannot  be  expressed  eaxLcUy  by  any  general 
system  of  mathematical  formuhe ;  especially  because  in  the  present 
state  of  our  knowledge,  it  is  impossible  accurately  to  separate  those 
irregularities  in  diagnuns  which  arise  frx>m  real  fluctuations  in  the 
pressure  of  the  steam,  from  those  which  arise  from  the  friction  and 
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inertia  of  the  moying  parts  of  the  indicator.  Some  of  those  irrega- 
larities  will  be  more  particularly  described  in  a  subeeqnent 
Articla 

In  order  that  it  may  be  possible  to  compute  from  theoretical 
principles  the  power  and  efficiency  of  the  fluid  in  steam  engines, 
a  figure  is  asavaned  for  the  diagram,  approximating  to  the  real 
figure,  but  more  simple  (see  ^,  109).  In  that  figure,  A  B  repre- 
sents the  volume  of  a  certain  mass  of  steam,  when  admitted  into 
the  cylinder,  so  as  to  drive  the  piston  through  a  space  equal  to  that 
volume.  The  first  assumption  by  which  the  diagram  is  simplified 
is,  that  the  pressure  of  the  steam  remains  constant  during  its 

admission,  so  that  A  B  is  a  straight 
line  parallel  to  O  X,  and  the  constant 
pressure  is  represented  by  O  A  =  G  B. 
The  curve  B  C  represents  the  ex- 
pansion of  the  steam  after  its  admis- 
sion is  cut  off.     In  actual  diagrams, 
this  curve  presents  a  great  variety  of 
figures,  depending    upon    the   com- 
3£:k:   munication  of  heat  to  and  from  the 
p.    ^^^  steam,  and  other  causes,  and  almost 

'  always  contains  undulations,  which 

probably  arise  partly  from  vibrations  in  the  mass  of  steam  itself, 
and  partly  from  oscillations  due  to  the  inertia  of  the  indicator 
piston.  The  second  assiunption  consists  in  assigning  to  the  curve 
B  C  one  or  other  of  two  definite  figures,  according  to  the  following 
suppositions : — 

I.  When  the  cylinder  is  either  exposed,  or  simply  cased  in 
slowly  conducting  materials,  such  as  felt  and  wood,  the  steam  is 
assumed  to  expand  without  receiving  or  giving  out  heat;  so  that 
B  C  is  an  cbduHHUic  atrve,  whose  form  will  be  explained  in  Article 
281. 

II.  When  between  the  slow  conducting  casing  and  the  cylinder, 
there  ia  an  iron  casing  or  outer  cylinder  called  the  "  steam  jacket," 
supplied  with  steam  from  the  boiler,  it  is  assumed,  that  the  heat 
communicated  by  means  of  that  jacket  to  the  steam  expanding  in 
the  cylinder,  is  just  sufficient  to  prevent  any  practically  appreciable 
part  of  it  from  becoming  liquid;  so  that  B  C  is  part  of  a  curve 
whose  co-ordinates  represent  the  pressures  aqd  the  volumes  of  a 
given  weight  of  steam  of  saturation. 

These  two  suppositions  have  reference  to  engines  in  which  the 
steam  is  not ''  superheated;"  that  is,  raised  to  a  temperature  above 
the  boiling  point  con-esponding  to  its  pressure.  The  action  of 
superheated  steam  will  be  considered  in  the  next  section. 
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The  third  assiimption  i&,  that  the  steam  is  exhausted,  or  dis- 
charged from  the  cylinder  during  the  return  stroke,  at  a  constant 
pressure;  so  that  the  lower  side  E  F  of  the  diagram  is  a  straight 
line  parallel  to  0  X;  and  the  constant  hack  fyreasfwre  is  represented 
by  O  F  =  H  E,  which  may  be  equal  to,  or  less  than  the  pressure 
at  the  end  of  the  expansion  H  C.  (It  would  be  possible,  also,  to 
make  the  back  pressure  greater  than  the  pressure  at  the  end  of  the 
expansion;  but  this  never  occurs  in  engines  that  are  well  con- 
structed and  worked.)  The  third  assumption  involves  also  the 
assumption,  that  the  &11  of  pressure,  if  any,  at  the  end  of  the 
stroke  (represented  by  C  E),  tdces  place  suddenly. 

The  value  taken  for  the  assumed  constant  back  pressure  ought 
of  course  to  be  equal  to  the  meaoh  value  of  the  actual  variable  back 
pressure,  so  &r  as  it  can  be  accurately  ascertained.  What  that 
mean  value  is  in  different  cases  will  be  considered  in  a  special 
Article. 

The  fourth  oMwrnptium  consists  in  neglecting  the  volume  of  the 
liquid  water  as  compared  with  that  of  the  steam,  so  that  the  side 
F  D  A  of  the  diagram  is  a  straight  line  coinciding  with  O  Y, 
instead  of  being  a  cuinre  having  ordinates  parallel  to  O  X,  represent- 
ing the  successive  volumes  of  the  water  as  it  sustains  a  gradually 
increasing  pressure  in  the  feed  pump,  and  corresponding  (though  of 
much  smaUer  magnitude)  to  l^e  ordinates  parallel  to  O  X  of  the 
curves  marked  D  A  in  figs.  104,  Article  274,  and  108,  Article  277. 
This  assumption  gives  rise  to  no  error  appreciable  in  practice. 

Thus  is  obtained  a  diagram  for  purposes  of  calcidation,  of  the 
kind  of  form  represented  by  A  B  U  E  F  D  A,  of  which  the  side 
B  C  alone  is  curved.  Experience  proves,  that  although  in  a  dia- 
gram of  this  kind,  in  which  the  smaller  fluctuations  of  the  pressure 
are  neglected,  the  presswres  corresponding  to  particvlan'  positions  of 
the  piston  sometimes  differ  considerably  from  the  actual  pressures, 
yet  the  differences,  being  in  opposite  directions  at  different  points 
of  the  diagram,  neutralize  each  other  in  such  a  manner,  that  the 
agreement  between  calculation  and  experiment  is  very  close 
as  regards  the  energy  exerted,  and  the  mean  ^ective  pressfwre; 
being  the  quantities  which  are  of  the  greatest  importance  in 
practice. 

For  the  present,  the  quantity  of  steam  acting  as  a  easkion 
(Article  262)  is  supposed  either  to  be  inappreciably  small,  or  to 
have  had  its  successive  volumes  calculated  and  deducted,  so  that 
the  diagram  in  fig.  109  is  freed  from  its  effects.  The  effect  of 
"  cushioning  "  steam  will  be  considered  farther  on. 

279.  ForoM  mi  BxprcMioa  for  Baergj. — The  following  notation 
will  be  employed  in  formulse  relating  to  the  efficiency  of  steam : — 
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Qu»Uty.  Symbol  '^^^J^*'" 

AbaoliUe  pressures  of  steam — 

Diiring  the  admission, p^  OA=rCB 

At  any  time  during  the  expaniaion,       p  ordinate  of  B  C 

At  the  end  of  the  expansion, ....«»       p^  K  C  =  O  D 

During  the  retuiii  stroke, p^  K£  =  OF 

Absolute  temperatures — 

Of  the  steam  when  admitted, r^ 

Of  the  steam  at  any  time  dur- ) 
ing  the  expansion, /        ^ 

Of  the  steam  at  the  end  of  the  ) 

expansion, /        ^^^ 

Of  the  feed  water  supplied  to  ) 

the  boiler, /        ^* 

Temperatures  on  ordinary  scale, Tj,  <kc. 

Volumes  of  one  lb,  of  steam — 

When  admitted, v^ 

At  anytime  during  the  expansion,       v 

At  the  end  of  the  expansion, v^ 

Density  of  steaan  in  lbs.  per  cuhw 

foot — 

When  admitted, Dj 

Volume   occupied   by  Hie  mass  of 

steam,   or  of  steam  amd    liquvd 

uHUer,  under  consideraUon — 

When  admitted, u^  AB  =  OG 

At  any  time  during  the  expansion,       u  abscissa  of  B  C 

At  the  end  of  the  expansion,^ u^=:rt^         DCzsOH 

Raiio  of  escpcmsion, r  =  --  DC-rAB 

Energy  exerted  by  one  lb,  of  steam,,,.       XJ 

Energy  exertedby  the  maes  of  steam  \   u^  a  iim?!!' a 

under  cmsideratim, /    ^^  ^  areaABCEFA 

,^        ^^.  U  areaABCEFA 

Mean  effecttve  pressure, — =Pm^P» 

^2  OH 

-,  the  reciprocal  of  the  ratio  of  expansion,  is  called  the  admission, 
r 

and  sometimes  the  cut  off,  being  the  fraction  of  the  stroke  at  which 

the  admission  of  steam  is  cut  off. 

The  reason  for  having  the  symbol  u^  distinct  from  t?,,  to  denote 

the  volume  of  the  mass  of  steam  when  admitted,  is  that  it  is  in 
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some  cases  more  convenient  to  consider  the  action  of  a  'pound  of 
steam  (in  which  case  u^  =  v^),  while  in  other  cases  it  is  more  con- 
venient to  consider  the  action  of  so  much  steam  as  occupies  a  cubic 
foot  when  first  admitted  (in  which  case  t^  =  1) ;  or  rather,  to  speak 
strictly,  so  much  steam  as  occupies,  when  first  admitted,  one  cubic 
foot  more  than  it  did  in  the  liquid  state;  but  the  difference 
between  these  two  definitions  of  the  mass  of  steam  under  con- 
sideration is  neglected. 

The  relations  between  t  (=  T  +  46r'2  Fahrenheit)  p,  v,  and  D, 
are  given  by  the  formulse  of  Article  206,  equations  1  and  2  (page 
237),  and  of  Article  256,  equation  1  (page  326),  and  by  Tables  lY. 
and  YI.  (As  to  the  interpolation  of  quantities  in  these  tables,  see 
Article  279  a,  immediately  following  the  present  Article.) 

There  are  two  modes  of  expressing  and  calculating  the  energy 
represented  by  the  area  of  the  diagram.  The  first,  which  corre- 
sponds to  that  expressed  for  diagrams  in  general  by  equation  2  of 
Article  263,  is  the  best  suited  for  purposes  of  exact  calculation, 
and  of  reasoning  about  principles;  the  second,  which  corresponds 
to  the  expression  in  equation  1  of  the  same  Article,  is  the  best 
suited  to  a  certain  approximate  method  of  calculation,  which  is 
expeditious  and  convenient  in  practice. 

MstthodL — 

To  the  area  A  BCD, f^'udp 

J  Pa 

Add  the  rectangle  DIF  x  CD, +  Mj  (pz-p^) 


Then  the  area  A  B  C  EFA  =  ^XJ=  f^udp-^u^  {P^-Ps)  (1) 

The  integral  in  this  expression,  as  will  afterwards  be  shown,  is 
calculable  by  the  aid  of  certain  functions  of  the  absolute  tempera- 
tures Tj,  Ty 

MCTHOD  IL — 

To  the  rectangle  OA  x  AB, /?i  t*i 

Add  the  area  GBCH, +f^pdu 

J  Ux 

And  subtract  the  rectangle  0  F  x  FE  -pg  ^2 


Then  the  area  ABCEFA=^iU=;)iWi  +j^  pdu  '^p^u^.{2.) 

According  to  this  form  of  expression,  the  mean  effective  pressure 
has  the  value 
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¥=r^  = ir Pz=^p-'Ps' (3.) 

in  which  the  symbol  p^  denotes  the  mean  gross  pressure,  or  mean 
/orward  pressure,  which  is  represented  in  the  diagram  by  the  mean 
height  of  the  line  ABC  above  O  X. 

The  convenience  of  this  second  method  arises  from  the  fact,  that 
within  the  limits  of  pressure  and  volume  which  usually  occur  in 
practice,  the  curve  B  C  approximates  to  a  curve  of  the  hyperbolie 
class;  that  is,  a  curve  in  which  the  ordinate  is  inversely  propor- 
tional to  some  power  of  the  abscissa,  as  expressed  by  the  equation 

P  a  w-', (4.) 

i  being  an  index  which  is  different  according  to  the  circumstances 
of  the  case,  and  is  to  be  found  by  trial  When  t  =  1,  the  curve  is 
a  common  hyperbola,  and  the  area  O  A  B  C  H  is 

Pi^  +  f^pdu^PiUi'{l  +  hj^logr); (5.) 

but  in  the  cases  which  occur  in  the  working  of  saturated  steam,  i 
is  fractional,  and  greater  than  1 ;  and  then  we  have 

from  which  is  obtained  the  following  expression  for  the  mean  for- 
ward  or  gross  pressure : — 

p'=Pi-    t-i   <^> 

Formuke  of  this  kind,  and  tables  computed  by  means  of  them, 
such  as  Tables  YII.  and  YIII.  ab  the  end  of  the  volume,  are  con- 
venient in  approximate  calculations  for  practical  purposes,  especially 
as  they  do  not  involve  the  temperature. 

279  A.  iHierp^baiM  •f  QaautttlM  in  the  Tables. — ^When  in 
using  Table  IV.  or  Table  VI.  for  steam,  or  Table  V.  for  lether,  it 
is  required  to  find  some  quantity  intermediate  between  those  given 
in  the  table,  that  quantity  can  be  found  with  accuracy  sufficient  for 
ordinary  purposes  by  the  aid  of  first  differences.  It  is  to  facilitate 
such  interpolation  that  the  logarithms  of  the  pressures,  densities, 
volumes,  and  quantities  denoted  by  L,  are  given,  together  with  the 
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successiye  differeDces  of  those  logarithms  ^denoted  hj  A);  because 
the  differences  of  the  logarithms  vary  much  less  than  those  of  the 
numbers  to  which  they  belong. 

Suppose,  for  example,  that  it  is  required  to  find  from  Table  YI. 
the  volume  V  corresponding  to  a  pressure  P  which  lies  between 
two  of  the  pressures  given  in  the  table.  Let  P  be  the  neast  less 
pressure  to  P  which  is  found  in  the  table,  and  Y  the  correspond- 
ing volume;  then,  approximately, 

log  V  =  log  V  -  aog  F  -  log  P)  •  "/iy>-(l-) 

and  similar  methods  may  be  applied  to  other  quantities.  The  sign 
—  immediately  prefixed  to  a  log  Y  is  merely  the  algebraical  mode 
of  indicating  that  Y  diminishes  when  P  increases. 

For  example,  let  it  be  required  to  find  the  volume  of  a  pound  of 
steam  in  cubic  feet  when  its  absolute  pressure  is  tioo  cdmosplieresy 
or  294  lbs.  upon  the  square  inch,  or  4232*8  lbs.  on  the  square  foot 
=  F.     The  next  less  pressure  in  the  table  is  4152.     Then 

log  F=  3-6266;  log  P  =  3-6183;  logY=M461; 

A  log  P  =  0-0678;  -  a  log  Y  =  00637; 

and  therefore, 

log  Y  =  1-1461  -  0-0083  -  ^  =  M383; 

and  Y  =  13-75  cubic  feet  per  lb. 

280.  Back  PiMwirti — If  the  steam  working  in  steam  engines 
were  unmixed  with  air,  and  if  it  could  escape  without  resistance 
and  in  an  inappreciably  short  time  from  the  cylinder  after  having 
completed  the  forward  stroke,  the  back  pressure  would  be  simply, 
in  non-condensing  engines  (conventionally  called  ^^high  presswre 
enffmes'')^  the  atmospheric  pressure  for  the  time;  and  in  condensing 
engines,  the  pressure  corresponding  to  the  temperature  in  the  con- 
denser.    This  may  be  called  the  pressure  of  coruienscUum. 

The  mean  back  pressure,  however,  always  exceeds  the  presRure 
of  condensation,  and  sometimes  in  a  considerable  proportion.  One 
cause  of  this,  which  operates  in  condensing  engines  only,  is  the 
presence  of  air  mixed  with  the  steam,  which  causes  the  pressure  in 
the  condenser,  and  consequently  the  back  pressure  also,  to  be  greater 
than  the  pressure  of  condensation  of  the  steam.  For  example,  an 
ordinary  temperature  in  a  condenser  when  working  properly,  is 
about  104°  Fahrenheit,  to  which  the  corresponding  pressure  of 
steam  is  152*6  lbs.  on  the  square  foot,  or  1-06  lbs.  on  the  square 
inch.     But  the  absolute  pressure  in  the  best  condensers  is  scarcely 
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ever  less  than  2  lbs.  on  the  square  inch,  or  nearly  double  of  the 
pressure  of  condensation. 

The  principal  cause,  however,  of  increased  back  pressure,  is 
resistance  to  the  escape  of  the  steam  fix>m  the  cylinder,  bj  which, 
in  condensing  engines,  the  mean  back  pressure  is  caused  to  be 
from  1  to  3  Iba  on  the  square  inch  greater  than  the  pressure  in  the 
condenser.  There  is  as  yet  no  satisfieictoiy  theory  of  that  resistance, 
so  that  it  cannot  be  computed  for  any  proposed  engine  by  means  of 
a  general  formula. 

The  back  pressure,  therefore,  in  proposed  condensing  engines, 
can  for  the  present  only  be  estimated  roughly  from  the  results  of 
experience  in  particular  cases.  The  following  is  a  summary  of 
some  such  results : — 

Mban  Back  Psssbubb,  j?,. 
Lbs.  on  the  Ltn.  on  the 


sqnarefoot 

Ratio  of  expansion  from  i^  to  3,... 

720 

5 

from  4  to  7,.... 

648  to  504 

4to3* 

„             „         from  8  to  15,... 

504  to  432 

3t*0  3 

There  is  a  deficiency  of  precise  experimental  data  on  this  sub- 
ject, because  of  the  frequent  omission  to  observe  the  atmospheric 
barometer  at  the  time  when  the  indicator  diagrams  of  steam  engines 
are  taken.  The  consequence  of  that  omission  is,  that  the  diagrams 
show  only  the  effective  pressures  of  the  steam,  and  not  the  ahsoltUe 
pressures,  which  are  left  to  be  roughly  estimated  by  guessing  the 
probable  atmospheric  pressure. 

It  is  certain,  that  if  sufficient  experimental  data  existed,  the 
back  pressure  would  be  found  to  vary  with  the  speed  of  the  engine, 
being  greater  at  higher  speeds,  and  also  with  the  density  of  the 
steam  at  the  commencement  of  the  exhaust,  and  with  the  size  of 
the  exhaust  poii;  through  which  it  escapes  from  the  cylinder. 

In  non-condensing  locomotive  engines,  a  great  number  of  experi- 
mental data  as  to  back  pressure  have  been  collected  and  arranged, 
and  to  a  certain  extent  reduced  to  a  system  of  laws,  in  Mr.  D.  K. 
Clark's  work  On  Railway  Ma^Mnery.  That  author  finds,  that  the 
excess  of  the  back  pressure  above  the  atmospheric  pressure  varies 
nearly — 

As  the  square  of  the  speed; 

As  the  pressure  of  the  steam  at  the  instant  of  rdea^se;  that  is,  of 
the  commencement  of  the  exhaust ; 

Inversely  as  the  square  of  the  area  of  the  orifice  of  the  blast 
pipe,  through  which  the  steam  is  blown  into  the  chimney  to  pro- 
duce a  draught 

Mr.  Clark  also  finds,  that  the  excess  of  back  pressure  is  less,  the 
greater  the  ratio  of  expansion ;  that  it  is  less,  the  longer  the  time 
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durmg  which  the  eduction  of  the  steam  lasts;  and  that  it  is  in- 
creased by  the  presence  of  liquid  water  amongst  the  steam,  being 
in  certain  cases  greater  in  unprotected  than  in  protected  cylinders 
in  the  ratio  of  1*72  to  1. 

As  an  example  of  specific  results  obtained  by  Mr.  Clark,  it  may 
be  stated,  that  *'  with  a  mean  of  16  per  cent,  of  release," — that  is, 
with  the  exhaust  port  opened  when  the  piston  had  performed  0*84 
of  its  forward  stroke — "  with  an  admission  of  half  stroke," — that 
is,  with  the  ratio  of  expansion  2,  nearly,  "and  with  a  speed  of  piston 
of  600  feet  per  minute;"  the  excess  of  the  back  pressure  above 
the  atmospheric  pressure,  in  protected  cylinders,  was  about  0*163  of 
the  excess  of  the  pressure  of  the  steam  at  the  instant  of  release 
above  the  atmospheric  pressure. 

It  is  probable,  that  the  general  results  arrived  at  by  Mr.  Clark 
may  be  safely  applied  to  all  engines,  whether  condensing  or  non- 
condensing,  to  the  following  extent : — 

That  in  the  same  engiriey  going  <U  the  same  speed,  the  excess  of  the 
jnecm  back  pressfwre  above  the  pressure  of  condenstUion,  varies  nearly 
as  the  density  of  the  steam  at  the  end  of  the  expansion; 

And  that  in  the  same  engine,  with  the  same  density  of  steam  al  the 
end  of  the  fonoard  stroke,  that  excess  of  back  pressure  varies  nearly 
as  the  squa/re  of  the  speed. 

281.  Tlienn«dl7imBilc  FnctioB,  aad  Adiabatic  Cwrrc,  far  BEixed 
Water  aad  Steaai. — ^When,  as  in  the  present  investigation,  the 
volume  of  a  pound  of  water,  and  its  variations,  are  treated  as 
insensibly  small,  the  value  of  the  thermodynamic  function  consists 
simply  of  the  first  term  of  the  expression  in  Article  246,  equation 
1 ;  that  is  to  say, 

J  hyp  log  r; 

J  denoting,  as  usual,  Joule's  equivalent,  or  the  dynamical  value  of 
the  specific  heat  of  water.  Suppose  the  pound  of  water  to  be 
rabed  from  a  fixed  temperature  to  any  given  absolute  temperature 
T,  and  then  to  be  either  wholly  or  partially  evaporated ;  and  let  u 
be  the  volume  of  the  steam  produced,  which  for  total  evaporation 
is  equal  to  v,  the  volume  of  one  pound  of  saturated  steam  at  the 
given  boiling  point,  and  for  partial  evaporation,  may  have  any 
value  less  than  v.  Then  from  Article  255,  equation  1,  it  is  evident, 
that  to  complete  the  thermodynamic  function  for  the  aggr^ate  of 
water  and  steam,  we  must  add  to  the  expression  already  found  for 
the  water  in  the  liquid  state,  the  following  quantity : — 

dp 

d  t' 
giving  for  the  complete  thermodynamic  function  for  one  lb.  ofvoater 
and  steam — 
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^  =  J  hyp  log  T  +  u^ (1.) 

[The  same  expression  may  be  made  applicable  to  any  oiiher  fluid 
by  putting  inst^d  of  J,  J  c,  the  dynamical  specific  heat  of  the  fluid 
in  question  in  the  liquid  state.] 

The  equation  of  an  adiabatic  curve  is 

^  =  constant 

This  enables  us  to  find  the  equation  of  the  form  of  the  curve  B  C 
in  the  diagram,  fig.  109,  Article  278,  when  that  curve  is  adiabatic ; 
that  is,  when  the  steam  expands  without  receiving  or  giving  out 
heat.  Attending  to  the  notation  of  Article  279,  we  have,  in  the 
present  case,  for  the  point  B  in  the  curve, 

and  for  any  other  point, 

J  hyp  log  T  +  w  —^  =  J  hyp  log  tj  +  v^  j^ ; (2.) 

from  which  ia  easily  deduced  the  following  expression  for  the 
volume  u  occupied  by  one  lb.  of  water  and  steam  at  any  pressure 

dr 

When  common  instead  of  hyperbolic  logarithms  are  used  in  the 
calculation,  for  J  =  772  is  to  be  substituted, 

J  hyp  log  10  =  772  X  2-3026  =  1777-6. 

According  to  Article  255,  equation  3, 

^^^=p{^  +  '-^hj,loglO; (4.) 

by  means  of  which  formula,  with  the  aid  of  equation  1  of  Article 

206,  and  the  constants  given  in  page  237,  -r^  can  be  computed. 

The  use  of  the  equation  3  for  computing  the  value  of  u  may  be 
much  facilitated,  by  employing  the  values  of  L,  the  kUerU  hetU  per 
culnc/oot,  which  are  given  for  steam  in  Table  lY.  (and  for  tether 
in  Table  Y.);  for  according  to  Article  255,  equation  2  (neglecting 
the  volume  of  the  liquid  water). 
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dp L 

80  that  equation  3  of  this  Article  becomes 

«  =  £  (j  hyp  log  5  +  ^) (6.) 

A  convenient  modification  of  equations  3  and  5  is  the  follow- 
ing:— 

Let  the  weight  of  steam  under  consideration  be  D^  =  — ,  so  that 

its  initial  volume  if^  is  <me  cubic  foot.    Then,  instead  of  u  may  be 

put  r  1=  —V  the  ratio  in  which  the  steam  is  expcmded;  so  that  we 

have  for  the  value  of  that  latio, 


.=  ±(jD,hyplc«J  +  ^) 


dr 


=  -J  (j  D,  hyp  log  n  +^) (6.) 


282.  AppMztauUe  VmnaaOm,  tut  Adiatelle  Core. — ^From  the  re- 
sults of  numerical  calculations  of  the  co-ordinates  of  adiabatic 
curves  for  steam,  it  has  been  deduced  by  trial,  that  for  such  pres- 
sures as  usually  occur  in  the  working  of  steam  engines,  the  relation 
between  those  co-ordinates  is  approximately  expr^sed  by  the 
following  statement: — the  preeeure  varies  nearly  as  the  reciprooal  of 
the  tenth  power  of  the  ninth  root  of  the  space  ocaipied;  that  is  to  say, 
in  symbols 

p  cc  u     9  nearly , (1.) 

This  formula  belongs  to  the  class  already  explained  in  Article 
279,  Method  II. ;  the  "mlue  of  the  exponents  and  co-efficients  being 

The  preceding  equation  1,  and  those  deduced  from  it,  are  most 
expeditiously  employed  by  the  aid  of  a  table  of  logarithms.  In  the 
absence  of  a  table  of  logarithms,  the  ninth  root  of  any  ratio  can  be 
found  by  extracting  the  cube  root  of  the  cube  root,  either  by  the 
aid  of  a  table  of  cube  roots,  or  by  ordinaiy  arithmetic. 

mt  8t«uM  W«ilKlac  Bjqpwulvely*— -The  volume 
2o 
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of  one  pound  of  saturated  steam  (neglecting  the  volume  of  the  liquid 
water),  according  to  Article  256,  equation  1,  is 

*=L=-rf^ "(^^ 

H'  being  the  latent  heat  of  evaporation  of  one  pound.  It  appears 
by  computation,  that  the  volume  u  given  by  equation  3  or  equation 
5  of  Article  282  is  less  than  v  in  all  cases  which  occur  in  practice; 
from  which  it  follows,  that  when  steam  expands  in  driving  a 
piston,  and  receives  no  heat  from  without,  a  portion  is  liquefied. 

To  find  under  what  conditions,  and  to  what  extent  this  conden- 
sation by  expansive  working  will  take  place,  we  have  for  the  pro- 
portion borne  by  the  condensed  steam  to  the  whole  mass  of  steam 
and  water,  the  following  expression : — 

^=.-^(j>.„,.ogS  +  „,^) W 

The  value  of  H'  is  given  approximately  in  foot-lbs.  per  pound  of 
steam  by  the  formula 

H'  =  a  -  6  r  =  1109550  -  540-4  r (3.) 

For  any  other  fluid*  J  c  would  have  to  be  put  instead  of  J,  and  for 
a  and  b  their  proper  values,  supposing  them  to  have  been  ascer- 
tained. 

It  may  be  shown  by  an  investigation,  which  it  is  uimeoessaiy 
here  to  give  in  detail,  that  the  expression  (2)  is  always  positive  so 
long  as 

T^  is  less  than  j-  C=  1437^-2  for  steam  =  46r-2  +  976°Y    • 

The  principle  just  stated,  as  to  the  liquefaction  of  vapours  by 
expansive  working,  was  arrived  at  contemporaneously  and  indepen- 
dently, by  Professor  Clausius  and  the  Author  of  this  work  in  1849. 
Its  accuracy  was  subsequently  called  in  question,  chiefly  on  the 
ground  of  experiments  which  diow  that  steam,  after  being  expanded 
by  being  "wire-drawn,"  that  is  to  say,  by  being  allowed  to  escape 
through  a  narrow  orifice,  is  super-heated,  or  at  a  higher  tempera- 
ture than  that  oi  liquefaction  at  the  reduced  pressure.  Soon 
afterwards,  however,  Professor  William  Thomson  proved  that  thoee 
experiments  are  not  relevant  against  the  conclusion  in  question,  by 
showing  the  diflerence  between  the^r^  eo^nsion  of  an  elastic 
fluid,  in  which  all  the  energy  due  to  the  expansion  is  expended  in 
agitating  the  particles  of  the  fluid,  and  is  reconveirted  iato  heat. 
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and  the  expansion  of  the  same  flnid  wnder  a  pressure  equal  to  its 
own  eUuticity,  when  the  energy  developed  is  all  oommnnicated  to 
externa]  bodies,  sach,  for  example,  as  the  piston  of  an  engine. 

284.  BflleleBcy  mf  mmm  te  aa  V^iackcted  OrUiider. — In  the 
present  Article,  the  cylinder  is  supposed  to  be  sufficiently  protected 
against  any  appreciable  loss  of  heat  by  conduction;  and  the  steatti 
is  assumed  to  expand  without  receiving  or  emitting  heat,  so  that 
B  C  in  fig.  109,  Article  278,  is  an  adiabatic  curve. 

The  area  A  B  C  D,  contained  between  that  curve  and  the  straight 
lines  A  B  and  C  D,  corresponding  to  the  pressures  p^  and  p2  at  the 
b^;inning  and  end  of  the  expansion,  has  the  following  value,  when 
the  mass  of  steam  under  consideration  is  one  pound: — 

ABOD  =  /%.,=  /;;.p.,i(,h„kgl.+.,.^) 

=  j{'i-'2(i  +hypiog^^  }+  (-1-'^  v^  ^^..(i.) 

In  fluids  other  than  water,  J  c  is  to  be  put  instead  of  J. 
Inasmuch  as  the  latent  heat  of  evaporation  of  one  pound  of  Hteani 


at  r  J  is 


?i ^i^  =  H'  =  a-&rj  =  1109550-540-4  rj  nearly, 


we  may  transform  the  expression  1  into 


J  {  r,-r,  (l  +hypl0gl;)  }  +  '^^H' (1  O 

It  is  often  convenient  to  consider  the  action,  not  of  one  pound  of 
steam,  but  so  much  steam  as  fills  oTie  cubic  foot  when  first  admitted 
into  the  cylinder  at  the  pressure  py     In  this  case,  we  have 

A  B  =  t^  =  1  cubic  foot; 

D  C  =  ttg  =  »•  ratio  of  expansion; 

and  the  area  A  B  C  D  is  found  by  multiplying  the  expression  (1) 

*  In  using  the  formule  1  and  1  a,  and  those  deduced  from  them,  the  fonowin^^ 
approximations  are  oonvenient: — 

^  -  '.  (i  +  hyp  log  ^)=^'^~y  nwiy- 
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by  D^  =  — ,  the  weight  of  one  cubic  foot  of  saturated  steam  at  the 
pressure  of  admissioiL     Observing  further,  that 

we  find,  per  aMcfoat  of  steam  atdmiUed, 

ABCD  =  JDi{rj-r2(l+hyplog^^}  +  !ii:^Li;...(2.) 

in  which  D^  and  L^  can  be  found  from  Table  lY. 

From  the  above  equation  2,  and  the  properties  of  the  adiabatic 
curve  already  explained  in  Article  281,  are  deduced  the  following 
formulse,  most  of  which  have  reference  to  the  action  of  one  cubic 
foot  of  steam  admiUed;  pressures  being  expressed  in.  lbs,  on  the 
squ(vrefoot: — 

Data. 

Pj,  absolute  pressure  of  admission; 
^2»  absolute  pressure  at  end  of  expansion; 
P3,  mean  absolute  back  pressure; 

r^  (=  T^  +  461''*2  Fahrenheit),  absolute  temperature  of  feed 
water; 

T^  ordinary  temperature  of  condensation; 
Tq,  ordinary  temperature  of  atmosphere. 

Results. 

TemperoJtwres  corresponding  to  the  several  pressures  to  be  found 
by  equation  2,  Article  206,  or  by  Table  IV. 
Raiio  ofexpanMum — 


DC 
AB""""' 


•=  ^  (772  D,hyp  log^  +  ^^); (3.) 

Energy  per  cubic  foot  of  steam  admitted — 

ITD,  =  JDj{n-.,(l+hyplog^)}+Il^«L, 

+  *•  (ft -/>«); ...(*•) 

Mean  effective  pretntre,  or  energy  per  cubic  foot  swept  through  by 
piston — 

Pm-Pa  =  -^ (6.) 
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For  lbs.  on  the  square  inch,  divide  this  by  144. 
Heal  expended  per  cubic/oot  o/sUam  adtniUed — 

HiDi  =  JDi(r,-rJ  +  Li; (6.) 

ffeai  expended  per  cubic  foot  sioept  through  by  piston,  or  preaswre 
equvwdeni  to  heat  expended — 

^'■. p.) 

Efficiency  ofetecmh,  ==- ; ••(^•) 

Netfoed  toater  per  cubic  foot  of  steam  admitted — 

Di; (9) 

Net  feed  water  per  cubic  foot  swept  through  by  piston — 

^■> m 

Heait  r^ected  per  cubic  foot  of  steam  admitted — 

H,D,  =  (Hi-U)D,; (11.) 

HeaZ  r^ected  per  cubic  foot  swept  through  by  piston — 

r r  ' '^^^■> 

Lbs.  of  VHiOer  to  he  injected  into  the  amdenaer  (if  any)  to  abstract 
thatheat — 


rJ(T5-T^'- 


.(13.) 


Gubie  feet  to  be  noqit  through  by  the  pieton  per  minute,  for  each 
indicated  horte-poioer — 

33000  _  33000  r 
j>.-ft-    UD^.' <"•> 

Available  heat  expended  per  indicated  horse-pouter  per  hour — 

a98000o5i (15.) 

The  following  is  a  numerical  example : — 
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Data. 

PreBBoreB.  Lbs.  per  square  iDcfa.  Lbs.  per  aqnare  foot. 
Initial,  pi.                    3371  4854 

Final,  ^2-  io-i6  1463 

Back  pressure,  P3.  5*00  720 

Tempentnres.  Ordinary,  T.  Almlnte,  r. 

Of  feed  water  (4.)  95°  5562 

Of  condensation  (5.)  104 

Of  atmosphere  (6.)  59 

Kesults. 

Quantities  found  by  Table  lY.        T.  r.  L.  D. 

Corresponding  to  jE?i.        257         718*2         59720         0*08285 
„  „      P2'        194         655-2         20280         0-02685 

Jidtio  o/eaopcmsion — 

Energy  per  cubic  foot  ofiteam  admiUed — 
U  Di  =  772  X  008285 1 718-2  —  655-2  (l  +  hyp  log  |^)  | 
'      ^^    X  59720  +  2-875x743 


'  718-2 

=  182  +  5239  +  2136  =  7557  foot-lbs. 

Mecm  effective  pressu/re — 

U  D       7557 

*  =  TT^^-^  =  2629  lbs.  on  the  square  foot 

r        2-875  ^ 

=  18*25  lbs.  on  the  square  inch. 
Heat  expendedper  cubic  foot  ofstea/m  admitted — 

Hj  Di=  772  X  0-08285  (718-2  — 556-2) +  59720 
=  10362  +  59720  =  70082  foot-lbs. 

Ueoit  expended  per  cubic  foot  swept  through  hy  piston,  or  pressure 
equivalent  to  Iieat  expended — 
XT  T\      70082 
— ^^  =  ^^875  "^  2^^^^  ^^^-  ^^  *^®  square  foot 

=  169-3  lbs.  on  the  square  inch. 
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Effidevusy  of  steam — 

U      7559       2629        18-25 


=  0-1077. 


Hi ""  70082  *"  24376 ""  169-3 
Net  feed  water  per  wbic  foot  swept  ^trough  hy  pietonr^ 

?i  =  J:^^=0-0288  lb.  =  000046  cubic  foot  nearly. 

Heat  rejected  per  cwbie  foot  of  steam  admitted — 

.   H2  Di  ^  T0082  —  7557  =  CT525  foot-lbs. 
Heal  rejected  per  euifnc  foot  swqot  through  by  piston — 
62525 


2-875 


.24376  —  2629  =  21747. 


Injection  toater  required  to  oomdesMe  ifie  steam,  per  cubic  foot  swept 
through  hy  piston — 

21747  1 

.  =  0*626  lb.  =  jtct;  Qubic  foot  nearly. 


772  X  (104  — 59)  100 

Gvbio  feet  to  be  swept  through  hy  the  piston  per  minvJbe^  for  each 
indicated  horsopower — 

?^.  12-55 
2629 

(or  12-55  X  60  =  753  cubic  feet  per  hour). 
Availahle  heat  expended  per  induxUed  horse-power  per  howr — 

1,980,000  1QQQ.    iAAr      *1U 

^  .  —^rr7^=z  =  18,384,400  foot-lbs. 

efficiency  =0-1077 

To  show  how  this  expenditure  of  available  heat  is  connected 
with  the  consumption  of  coal,  let  the  coal  be  of  such  a  quality, 
that  the  total  heont  of  combustion  of  one  lb.  of  it  is 

10,000,000  foot-lbs. 

(corresponding  to  a  theoretical  evaporative  power  of  about  13-4). 

Let  the  efficiency  of  the  furnace  be  0*54;  so  that  the  availahle 
heat  of  combustion  of  one  lb.  of  coal  is 

5,400,000  foot-lbs. 

Then  the  consumption  of  coal  in  the  engine  now  under  considera- 
tion, per  indicated  horse-power  per  hour,  is 
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18384400    ,,„.,, 
^400000-= ^-^^^^^ 

The  following  are  some  deductions  from  t)ie  previous  calcula- 
tions : — 
Hetfeed  water  per  indicaied  horee-pawer  per  hour — 

0-0288  X  753  =  21-7  lbs.  =  0-347  cubic  foot 

InjecHon  toaier  per  vndiocUed  horae-power  per  hour — 

0-626  X  753  =  471-4  lbs.  =  7-54  cubic  feet* 

285.  AppvvzlSMte  VMrmato  Ar  17^|ack0led  CfUm4«gmr-The  for- 
mule  in  the  preceding  Article  which,  give  the  mean  effective 
pressure,  and  the  work  of  a  given  quantity  of  steam,  are  incon- 
venient in  practice  from  the  length  of  the  calculations  which  their 
use  involves,  and  from  the  circumstance,  that  although  they  serve 
to  compute  directly  the  ratio  of  expansion  when  the  initud  and 
final  pressures  are  given,  they  cannot  be  so  employed  when  the 
initial  pressure  and  ratio  of  expansion,  but  not  tiie  final  pressure, 
are  given,  except  by  the  aid  of  a  tedious  process  of  trial  and  error. 

For  practical  use  in  ordinaiy  cases,  therefore,  it  is  desirable  to 
have  a  set  of  formidn  in  which  the  computations  are  less  tedious, 
and  which  can  be  used  directly  when  the  ratio  of  expansion  is  one 
of  the  data.  When  the  initial  pressure  is  not  less  tlmn  one  atmo- 
sphere, nor  more  than  twelve  atmospheres,  such  a  set  of  formulse, 
sufficientiy  accurate  in  all  ordinary  cases,  are  deduced  from  tiie 
fact,  already  stated  in  Article  282,  that  during  the  expansive 
working  of  steam  represented  by  an  adiabatic  line, 

_     _  IP  nearly. 
pacu     9  ^ 

The  following  are  the  formulae  thus  obtained : — 

Data. 

Pi,  absolute  pressure  of  admission; 

r,  ratio  of  expansion ; 

/>3,  mean  absolute  back  pressure; 

r^,  absolute  temperature  of  feed  water — 

(=T,  +  46r-2); 

Tg,  temperature  of  condensation ; 
T^  temperature  of  atmosphere. 

*  The  ftmdamental  formnln  of  Article  284  were  fint  pablished  in  a  paper  sent  to 
the  Boyal  Society  in  December,  1868,  and  puUished  in  the  PhUoiophical  TVokmc- 
Hons  for  1854.  The  same  formulas  were  also  discoyered  independently  by  Prafessor 
Clausios  about  1855,  and  pablished  by  him  in  Poggendoiff  *b  AimaUn  for  1856. 
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Results. 

10 

Final preasiure,  Pi=Pi  •r"9  ; (1.) 

Mean  total  pressure — 

i».  =  l>i(l0r-'-9r-T)> (2.) 

Mean  effective  preenure — 

Pm—P3  =  Pi  (lOr-»  —  9 r-j)  —p^ (3.) 

The  three  preceding  formulae  are  applicable  to  pressures  expressed 
in  any  kind  of  miits. 

Energy  per  cubic/oot  of  steam  admitted — 

rip^—p^^PiilO  —  drSJ—rp^', (4.) 

in  which  the  pressures  are  in  lbs.  on  the  square  foot. 

To  facilitate  the  use  of  these  formulse,  the  values  of  the  ratios 

Pi  j  ^       ^4 

and  !L?!?=10  — 9>-^?; 

Px  /         ' 

and  their  reciprocals,  are  given  in  Table  VIL  at  the  end  of  the 

volume,  for  values  of  the  ^' admission^*  or  '^cut  off^  -,  increasing  at 

r 

first  by  differences  of  0*025,  and  afterwards  by  differences  of  0*05. 

Intermediate  values  of  the  above  ratios  can  eacdly  be  computed, 

when  required,  from  those  given  in  the  table,  by  interpolation. 

Where  the  approximate  formulsB  of  the  present  Article  are  used 
for  calculating  the  energy  exerted,  and  the  mean  effective  pressure, 
the  expenditure  of  heat,  the  feed  water,  injection  water,  d^.,  may 
easily  be  computed  by  the  formulse  already  given  in  the  preceding 
Artida  But  in  cases  where  special  accuracy  is  not  required,  the 
expenditure  of  heat  may  be  computed  approximately  with  less 
trouble  by  the  following  approximate  formul» : — 

Heal  expended  infoot-lbk  per  cubic  foot  of  steam  admitted — 

HxDi  =  13^^1  +  4000  nearly, (5.) 

Pi  being  in  lbs.  on  the  square  foot', 

Heat  expendedper  cubic  foot  swept  through  by  piston^  or  pressure 
equivalemJt  to  heat  expended — 

H,  D,  _  13^  yt  +  4000  lbs:  per  square  foot 
r     "  r  ' ^^'^ 
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Equivalent  pressure  in  )  _  lS^p^  +  27 '7  lbs,  per  square  inch  . - 
lbs.  per  square  inch  /  ~  r  *' 

In  the  following  numerical  example,  the  preceding  approximate 
formulae  are  applied  to  the  case  alr^y  calculated  in  the  preceding 
Article,  the  ratio  of  expansion  being  supposed  to  be  given. 

Data. 
Initial  pressure,    p^  =  33*71  lbs.  per  square  inch ; 
Katio  of  expansion,        r  =  2-875,  so  that 

Admission,  -  =  0-348: 
r 

Mean  back  pressure — 

^3  =  5  lbs.  per  square  incL 

Kesults. 
Computation  of  the  ratio  ?^,  from  Table  VII. — 

r  r         p^  p^ 

•3  -639 

•05  -058  =  A- ixM6  nearly 

•35  -697 

Therefore,  for  -  =  -348  =  -35  —  -002, 

r 

^•^  =  -697  —  -002  X  116  =  -695  nearly; 
Pi 

Mean  total  pressv/re — 

jp.  =  33-71  X  -695  =  23-43  lbs.  on  the  square  inch. 

Mean  effective  preaaure — 

p^  —  p^  =  23-43  —  500  =  18-43  lbs.  on  the  square  inch; 

The  same  j 
the  exact  j 


as  computed  by  )    jg.2g 
ict  formula J  " 


Difference, +018 

or  about  t^tt. 
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Pre89wre  equvoaleni  io  heat  expended — 

13Jx  3371 +  27-7     ,^^,^ 

— 2 —         =  166  Iba  on  the  square  inch; 

The  same  as  computed  )     i  cq  q 

by  the  exact  formula,  J    ^^^'^        "  " 

Difference, —  3*3        „  „ 

or  about  A. 

1  ft»4.^ 
Efficiency  of  Ihe  Steam,    .^s  =0*1110 

The  same  as  computed  by )      0-1077 
the  exact  formuls, J 

Difference, +0-0033 

or  about  inr. 

The  errors  arising  from  the  use  of  the  approximate  formulae,  of 
which  examples  have  just  been  giyen,  are  in  most  cases  practically 
unimportant* 

286.  I7ae  vf  th«  mmm  Jackctt  wnd  H«c  Air  Jmekot-t— The  con- 
clusion theoretically  demonstrated  in  Article  283,  that  when  steam 
or  other  saturated  vapour  in  expanding  performs  work  by  diiying 
a  piston,  and  reoeiyes  no  heat  from  without  during  tiiat  expansion, 
a  portion  of  it  must  be  liquefied,  is  confirmed  by  experience  in 
aotaal  steam  engines;  for  it  has  been  ascertained,  that  the  greater 
part  of  the  liquid  water  which  collects  in  unjacketed  cylinders,  and 
which  was  once  supposed  to  be  wholly  carried,  over  in  the  liquid 
state  from  the  boiler  (a  phenomenon  called  ^^prpning")  is  produced 
by  lique&ction  of  part  of  the  steam  during  its  expansion;  and  also 
that  the  principal  effect  of  the  ^^ jacket,^  or  anuular  casing  envelop- 
ing the  cylinder,  filled  with  hot  steam  from  the  boiler,  which  was 
one  of  the  inventions  of  Watt,  is  to  prevent  that  liquefiftction  of  the 
steam  in  the  cylinder. 

That  lique&ction  does  not^  when  it  first  takes  place,  directly 
constitute  a  waste  of  heat  or  of  eneigy;  for  it  is  accompanied  by  a 
corresponding  performance  of  work.  It  does,  however,  afteiwaids, 
by  an  indirect  process,  diminish  the  efficiency  of  the  engine;  for 
the  water  which  becomes  liquid  in  the  cylinder,  probably  in  the 
form  of  mist  and  spray,  acts  as  a  distributer  of  heat,  and  equalizer 

*  These  approzimate  formoln  wen  fliBt  published  in  A  Manual  qf  AppUed 
Jfedbfiiet,  1858,  Article  666. 

t  Articles  286,  287,  288,  and  289,  are  to  a  great  extent  extracted  and  abridged 
from  a  paper  read  to  the  Boyal  Sodety  in  Jannazy,  1869. 
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of  temperature,  abstractmg  heat  from  the  hot  and  dense  steam 
during  its  admission  into  the  cylinder,  and  communicating  that 
heat  to  the  cool  and  rarefied  Bto&m  which  is  on  the  point  of  being 
discharged,  and  thus  lowering  the  initial  pressure  and  increasing 
the  final  pressure  of  the  steam,  but  lowering  the  initial  pressure 
much  more  than  the  final  pressure  is  increased;  and  so  producing 
a  loss  of  energy  which  cannot  be  estimated  theoretically.  Accord- 
ingly, in  all  cases  in  which  steam  is  expanded  to  more  than  three 
or  four  times  its  initial  volume,  it  has  in  practice  been  found 
advantageous  to  envelop  the  cylinder  in  a  steam  jacket.  The 
liquefaction  which  would  otherwise  have  taken  place  in  the 
cylinder,  takes  place  in  the  jacket  instead,  where  the  presence  of 
the  liquid  water  produces  no  bad  effect;  and  that  water  is  returned 
to  the  boiler. 

In  double  cylinder  engines,  where  the  expansion  of  the  steam 
begins  in  a  smaller  cylinder,  and  finishes  in  a  larger,  the  usual 
practice  is  to  have  steam  jackets  round  both  cylinders ;  but  in  a 
few  examples  in  which  the  smaller  cylinder  alone  is  jacketed,  the 
liquefaction  is  found  to  be  prevented,  showing  that  the  fiteam 
during  its  passage  from  the  small  into  the  large  cylinder,  receives 
sufficient  heat  either  directly  from  the  small  cylinder,  or  indirectly 
by  conduction  from  the  small  to  the  large  cylinder  (which  is  in  dose 
contact  with  the  small  cylinder),  to  prevent  any  appreciable  portion 
of  it  from  condensing. 

It  is  desirable  that  a  small  quantity  of  the  steam,  not  appreciable 
in  calculating  the  efficiency  of  the  engine,  should  be  liquefied,  in 
order  to  lubricate  the  packing  of  the  piston.  This  generally  does 
take  place  in  jacketed  engines,  and  is  probably  the  effect  of  attrac- 
tion between  the  particles  of  water  and  the  metal. 

The  effect  of  a  steam  jacket  in  preventing  condensation  may  be 
produced  hje^hotair  jacket;  that  is,  by  a  flue  round  the  cylinder; 
or  by  enclosing  the  cylinder  in  the  smoke  box,  as  is  done  in  many 
locomotive  engines.  The  advantages  of  this  are  well  shown  in 
Mx,  D.  K.  Clark's  work  on  Eailway  McuMnery.  With  this 
apparatus,  however,  thero  is  not  the  same  security  against  over 
dryness  of  the  packing  that  thero  is  with  the  steam  jacket 

287.  BflicteBCT  •€  l»i7  OttOnrntea  flCMUM. — In  the  following  inves- 
tigation, it  is  assumed  that  the  steam  in  the  cylinder,  while 
expanding,  receives  just  enough  of  heat  from  the  steam  in  the 
jacket  to  prevent  any  appreciable  part  of  it  from  condensing,  with- 
out superheating  it.  This  assumption  is  founded  on  the  fiict^  that 
diy  steam  is  a  bad  conductor  of  heat  as  compared  with  liquid  water, 
or  with  cloudy  steam,  and  that  after  cloudy  steam  has  received 
enough  of  heat  to  make  it  dry,  or  nearly  dry,  it  will  receive  addi- 
tional heat  very  slowly. 
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The  assumption  is  justified  by  the  fact,  that  its  results  ai'e  con- 
firmed by  experiment 

The  symbol  v  is  used  to  denote  the  volume  of  one  pound  of  steam 
in  cubic  feei,  and  the  symbol  p  to  denote  pressure  in  pounds  on  the 
sqwa/refooty  so  that  pressure  in  pounds  on  the  square  inch  is  denoted 

In  ^.  110,  let  B  0  K  be  the  curve  whose  co-ordmates  represent 
the  volumes  and  pressures  of  diy  saturated  steam. 


V 
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Fig.  110. 

Let  O  A=^,  and  A/h=v^y  represent  the  pressure  and  volume 
of  admission,  and  r^  the  corresponding  absolute  temperature; 

Let  O  D  =  jOgj  aii<l  D  C  =  Vj,  represent  the  pressure  and  volume 
at  the  end  of  the  expansion,  and  r,  the  corresponding  absolute 
temperature;  then 

—  =  r  is  the  rcUio  ofexpanawny  and 

«      1 

-1  =  «  the  admiadoni  or  effectMje  cul-off. 

Let  O  E  =  |>3  be  the  pressure  of  exhaustion ; 
Let  r^  be  tiie  absolute  temperature  of  the  feed  water. 
The  energy  exerted  by  one  pound  of  steam  is  represented  by  the 
area  of  the  diagram,  consisting  of 

the  area  A  B  0  D  =  /     v  dp,  and 
J  P% 

the  area  E  F  D  C  =  tJ2 0^2" Ps)^ 

while  the  expenditure  of  heat  per  pound  of  steam  consists  of  the 
following  parts : — 

The  sensible  heat  J  (t^  —  t^);  the  latent  heat  of  evaporation 
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at  T^;  and  the  latent  heat  of  expansion,  which  is  commimicated 
from  the  steam  in  the  jacket  to  that  in  the  cylinder. 

The  work  of  one  pound  of  dry  saturated  steam  exceeds  that  of 
one  pound  of  steam  which  expands  from  the  same  initial  pressure 
to  the  same  final  pressure  without  receiving  heat,  to  an  amount 
represented  by  the  excess  of  the  area  A  B  C  E  F  A  above  the  cor- 
responding area  for  an  unjacketed  cylinder,  while  the  expenditure 
of  heat  is  greater  by  the  quantity  which  the  steam  in  the  cylinder 
receives  during  the  expansion  represented  by  the  curve  B  C. 

The  latent  heat  of  evaporation  of  one  pound  of  steam  at  the 
absolute  temperature  r,  may  be  expressed  with  accuracy  sufficient 
for  the  purposes  of  the  present  investigation,  by  the  formula 

W  =  a  —  br; (1.) 

where 

a  =  1109550  foot-lbs.; 

b  =  540-4  foot-lbs.  per  degree  of  Fahrenheit 

To  find  the  area  A  B  C  D  A,  which  represents  part  of  the  energy 
corresponding  to  any  value  of  p,  the  value  of  t;  is  to  be  expressed 
in  terms  of  H',  the  corresponding  latent  heat  of  evaporation, 
according  to  the  principle  of  Article  256,  giving 

a  —  br 
dr 

which,  being  multiplied  by  -^^  dr,  and  integrated  between  ^  and 

^2,  the  initial  and  final  temperatures  of  the  expanding  steam,  we 
obtain  for  the  area  A  B  C  D  A — 

=  a-hyp.  log.  ^  -6(ti  -t,); (2.) 

to  which,  adding  the  rectangle  D  C  £  F,  the  energy  exerted  on  the 
piston  by  one  pound  of  steam  is  foimd  to  be 


=  a  -hyp.  log.  ~  -  6  (ri  -  rs)  +  v^(;p^-p^', (3.) 

in  which 

a  =  1109550  foot-pounds;  b  =  540*4  pounds  per  d^p*ee  of  Fah. 
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The  MEAN  EFFECTIVE  FBEBSUBS,  OF  work  per  unit  of  volume  tra- 
versed by  the  piston,  is 

? (4.) 

The  heat  expended  per  pound  of  steam,  by  a  different  mode  of 
'  division  from  that  previously  given,  is  computed  as  follows : — 

Part  of  the  sensible  heat  for  raising  one  potmd  of  water  from  the 
temperature  of  the  feed  to  the  final  temperature  of  the  expansion, — 

J  (tj  -  T4); 

latent  heat  of  evaporation  at  the  temperature  Tj, — 

heat  transformed  into  mechanical  energy  between  the  temperatures 
Ti  and  Tj,— 

ABCD  A=  /     vdp^  as  in  equation  2. 
J  Pi 

The  addition  of  these  quantities  gives  for  the  whole  expenditure  of 
heat  in  foot-pounds  of  energy  per  pound  of  steam, — 

f|  =  J(T,-T4)  +  a-6Tj+  /     vdp 
J  P* 

-  J  (r,-T4)  +  a  n  +hyp  log^M  -6  ri (5.) 

(J  =  772  foot-pounds  per  degree  of  Fahrenheit). 

The  heat  expended  per  unit  of  space  traversed  by  the  piston  is 
equivalent  to  a  pressure  whose  intensity  is 

fr-". (6.) 

The  ErnciENCT  of  the  steam  is  the  ratio, 

U'^J, (7.) 

of  the  eneigy  exerted  by  the  steam  on  the  piston  to  the  heat  ex- 
pended on  the  steam ;  and  that  ratio  having  been  determined,  the 
available  heat  of  a  pound  of  friel  may  be  computed  from  the  indi- 
cated work  per  pound  of  ftiel,  or  vice  veraa,  by  means  of  the  equa- 
tion,— 

available  heat  __  f|  .^  . 

indicated  work""!!' '' 
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In  the  practical  use  of  equations  3^  4,  5,  6,  7,  and  8,  the  usual 
data  are, — 

the  iniUal  pressure  p^ 

the  ratio  of  eocpcmxion  r, 

ihe  haxik  pressure  p^ 

and  the  absdvJte  temperaJtm^  ofthefeed-vxUer  <^  =  T^  +  461®'2. 

From  pj,  by  the  aid  of  known  formulae  or  of  Table  VL,  ai-e  to 
be  found  r^  and  Vy,     Then 

and  from  v^  by  the  aid  of  the  same  formula  or  of  Table  YL,  are 
to  be  found  r^  and  p^  and  thus  are  completed  the  data  for  the  use 
of  equations  3  and  5, 

Let  O  L  =  77q  represent  the  pressure,  and  L  K  =  Vq  the  volume, 
of  a  pound  of  steam  at  some  standard  temperature,  such  as  that  of 
melting  ice  (ro  =  32°  +  461'''2  =  49d''*2  Fahrenheit),  and  let 

U=  P  vrf;?  =  a-hyplog^  -^(^-^o) (9) 

be  the  area  contained  between  L  K  and  another  parallel  ordinate 
of  the  curve  B  C  K  corresponding  to  the  absolute  temperature  r. 

Then  by  the  aid  of  values  of  the  function  U,  as  given  or  inter- 
polated in  Table  YL,  the  equations  3  and  5  can  be  put  in  the 
following  form : — 

U'  =  U,-U8  +  «,(p,-i,^; (10.)    ' 

J  =  Ui  — Ug  +  J(T,  — Tj  +  a  — 6t, (11.) 

=  U,-U,  +  Hj-A,; (12.) 

in  which  last  expression  for  the  heat  expended,  H^  denotes  the 
total  heat  of  evaporationy  from  tq,  at  r^  and  h^  ike  heat  saved  in 
consequence  of  the  temperature  of  the  leed-water  being  T^  instead 
of  that  of  melting  ice, — ^both  quantities  as  given  or  intezpolated  in 
the  columns  respectively  headed  H  and  h  in  Table  YL 

The  following  statement  then  gives  at  one  view  the  formulse 
applicable  to  engines  worked  by  sensibly  dry  saturated  steam : — 

Data. 

Pv  ^f  Pv  ^4>  ^  already  explained 
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Besults. 

v^j  voluTne  of  one  Ik  of  steam  when  admUtedy  to  be  found  or  in- 
terpolated in  the  column  headed  V,  Table  VI. 
Volume  at  end  o/expcmsion^ — 

<?2  =  ^^ii (1^0 

Final  presnuref  p^^  and  temperatwre  To,  to  be  found  or  interpo- 
lated in  the  columns  headed  P  and  T,  Table  YI. 

U',  energy  exerted  hy,  and  ^,  heal  expended  on,  one  lb,  oftieaan,  to 
be  found  by  equations  10  and  12,  with  Table  VI.,  or  by  equation^ 
3  and  5,  without  the  Table. 

Meaa^  ^ecUve  preeetMre, — 

^--ft=.T, <i*-> 

Preeeure  eg^mwdent  to  eoqfendUwre  of  awmlahU  heaty — 

Pi^^^'. (15.) 

Efficiency  ofsbeamhy — 

"^'V <"•' 

Nfi  feed  vixUer  per  cubic  foot  swept  through  by  piston, — 

^=5l; (17.) 

rv^       r  ^     ' 

Heat  rejected  per  lb,  of  steam, — 

5-U'=:Hj-A,_rjO'2-pa); (18.) 

Heai  r^ected  per  cubic  foot  swept  ihrough  by  piston, — 

^^=Pu-P,+Pi; (19.) 


Injection  vjoter  required  per  lb,  of  steam — 

rature  of 
rature  of 


(T^  temperature  of  condensation, 
T|„  temperature  of  atAiosphere). 


772(T5-T,)' ^^^•> 

2d 
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InjectUm  waier  required  per  cubic  foot  swept  through  by  piston — 

(21.) 


Pk—Pm+Ps 


772(T,-Te)' 

Cubie  fset  swept  through  by  piston  per  miniule  for  oouh  indiooUed 
horse-power — 

^^; (22.) 

Pm—Pz 

AvcMble  heal  expefnded  per  howr  in  foot^^  per  indicated  horse- 
power— 

1,980,000  _  1,980,000;?^  .^^ . 

Efficiency         p^  —  p^    ^    *' 

In  applying  these  fonnolae  to  an  engine  actually  worldng,  whose 
speed  haB  been  ascertained,  let 

A  be  the  area  of  the  piston; 

s  the  distance  through  which  it  moves  at  each  forward  stroke  if 
single  acting,  or  during  a  double  stroke  if  double  acting; 

N  the  niunber  of  revolutions  per  minute; 

B  the  total  resistance  I'educed  to  the  piston;  then,  as  in  Article 
263,  formula  5,  and  Article  264,  formula  3,  the  energy  exerted  per 
minute  ia 

N*K  =  N*A(|>.-^3); (24.) 

and  the  indicated  horse^power — 

ygA(p,— ys)^ 

33000         ' ^    ^^ 

also,  the  available  heat  expended  per  minute  is 

N«A;>* (26.) 

formulae  of  the  preceding  Article  require  in  their  use  a  considerable 
amount  of  calculation,  it  is  desirable  to  have,  for  the  purpose  of 
solving  ordinary  practical  problems,  approximate  formulie  of  a  more 
simple  kind.  Those  which  will  now  be  explained  have  been 
arrived  at  by  a  process  of  trial,  and  their  agreement  with  the  exact 
formulsBy  and  with  experiment,  has  been  t^ted  for  initial  pressures 
ranging  from  30  to  120  pounds  on  the  square  inch,  and  for  ratios 
of  expansion  varying  £rom  4  to  16.  They  may  therefore  be  applied 
with  confidence  to  engines  working  within  tiiese  limits,  and  pro- 
bably somewhat  above  them;  but  for  pressures  much  exceeding 
120  lbs.  on  the  inch,  and  ratios  of  expansion  much  exceeding  16, 
it  is  advisable  for  the  present  to  use  the  exact  formulie. 


- 


DRY  SATURATED  STEAM  ENGIKES.  403 

The  fonndatioii  of  the  approximate  formulae  is  the  tsust,  that  for 
pressures  not  exceeding  120  lbs.  on  the  inch,  or  17,280  lbs.  on  the 
square  foot,  the  equation  of  the  curve  B  C  K,  fig.  110,  is  very 
nearly 

17 

pccv  -fe (1.) 

This  equation  is  very  convenient  in  calculation,  because  the 
sixteenth  root  can  be  extracted  with  great  rapidity  to  a  degree 
of  accuracy  sufficient  for  practical  purposes,  by  the  aid  of  a  table 
of  squares  alone;  and,  by  a  little  additionsd  labour,  without  any 
tables  whatsoever. 

Let  r,  as  before,  be  the  ratio  of  expansion;  then  we  have 
evidently, 

the  Jmd pressu/re —  P%=^P\"if  ""  i«; (2-) 

the  ein^gy  exerted  (mths  piston  by  onsp(^^ 

=  '^'=fl\^<^P  +  {P2  —  P8)^2 

=  v^{pi{l7r-'-16r're)-p}; (3.) 

the  TMan  toted  pressure,  \' Ps') i^) 

=  />.  =  /^(l7r-^-16r-rD; (5.) 

the  mean  effective  pressfwrsy  or  energy  exerted  per  cubic  foot — 

P^  —  Pz  =  —  =  Pi\}Tr'^—^^r    19)— p^ (6.) 

It  is  evident,  that  if  the  pressure  of  exhaustion  p^  be  given,  and 
any  two  out  of  the  three  following  quantities — the  initial  pressure 
/?,,  the  mean  effective  pressure  p^  —  p^,  the  ratio  of  expansion  r — 
the  fourth  quantity  can  be  calculated  directly,  if  it  is  one  or  other 
of  the  pressures  p^,  p^  —  p^;  and  if  it  is  the  expansion  r,  it  can  be 
found  by  approximation. 

The  approximate  formula  for  the  expenditure  of  heat  per  lb.  of 
steam,  which  has  been  found  by  trial  to  agree  very  closely  with  the 
exact  formula  within  the  limits  already  spedfiied,  and  when  the 
feed  water  is  supplied  at  a  temperature  of  from  100^  to  120° 
Fahrenheit,  is  as  follows : — 


J=15Jp,.,  =  liiM; (7.) 
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SO  that  the  heat  eocpended  per  ctibic  foot,  or  the  pressure  per  square 
foot  of  piston  to  which  the  expenditure  of  heat  is  equival&fU,  is 


P»4  =  ^^ (8) 

This  gives  for  the  effideney 


Vj        r 


p,      -  i,-       l^  15ip,- 


.(9.) 


by  means  of  which,  when  the  work  of  a  pound  of  coal  is  known,  its 
available  heat  can  be  computed,  and  vice  versa,  as  with  the  exact 
formula. 

To  fiudlitate  the  use  of  these  approximate  formulfie,  Table  VIII., 
at  the  end  of  the  volume,  gives  the  ratios 


^=17r-»  — IGr-Jejand  -     ^      —^^ 
Pi  ^      V^ 

^^  =  17  — 16r-4    3r   /r — ^^ 


and  their  reciprocals,  for  a  series  of  values  of  the  admission  or 

effective  cuUojf,  — ,  increasing  at  first  by  differences  of  0-025,  and 

afterwards  by  differences  of  0*05.  Intermediate  values  of  those 
ratios  can  easily  be  interpolated  when  required. 

289.  BzanplM  •€  Ae  Ac«t«M  •€  H^rj  Satwated  CMoinL — ^The  fol- 
lowing examples,  being  taken  from  the  performance  of  actual 
engines,  are  intended  at  once  to  illustrate  the  use  of  the  formulsB 
in  Articles  287  and  288,  and  to  compare  their  results  with  those  of 
experiment. 

In  comparing  the  results  of  formula  for  the  expansive  working 
of  steam  with  tiiose  of  the  indicator  diagrams  of  engines,  it  is  not 
to  be  expected  that  the  indicated  pressures  corresponding  to  parti- 
cular volumes,  during  or  at  the  end  of  the  expansion,  will  closely 
agree  with  those  given  by  calculation;  because  considerable  devia- 
tions, alternately  upwards  and  downwards,  arise  from  the  Motion 
of  the  indicator,  the  elastic  vibrations  of  the  indicator  spring,  and 
the  pulsations  of  the  particles  of  the  steam  itself.  In  the  course 
of  a  complete  stroke,  however,  those  deviations  neutralize  each 
other,  so  that  the  indicated  mean  effective  pressfwre  ought  to  agree 
with  that  given  by  theory,  if  the  Sieory  is  sound.  About  half  a 
pound  on  &e  square  inch,  or  72  lbs.  on  the  square  foot,  may  be 
considered  as  an  ordinary  limit  of  error  in  indicator  diagrams. 


DRY  SATURATED  STEAM  ENGINES — ^EXAMPLES. 


405 


Two  examples  of  the  application  of  the  formulse  to  actual  engines, 
and  of  the  comparison  of  their  results  with  those  of  experiment, 
are  annexed 

ExamvpU  I. — Double-cylinder  engines  of  744  indicated  horse- 
power, calculated  by  exact  formulse  : — * 

Data — 

Bottom  of  Top  of 

cylindera.  cylinden. 

Pressure  of  admission,  p^ -4- 144, 33*7  34*3 

Back  pressure,  J73 -i- 144, , 4*0  4*0 

Ratio  of  expansion,  r, \\  64 

Ordinary  temperature  of  feed  water  T^  =  about  104**  Fahren- 
heit. 


Calculated  Results — 

Bottom. 
Final  volume  of  1  lb.  of  steam,  t?^  =  r  Vj,     50*375 

Final  pressure,  7?2 "^  ^ ^^> 7'3^7 

"Work  of  1  lb.  of  steam,  XT', 109552 

Mean  effective  pres- 
sure in  pounds  on 
the  inch, 

Mean  of  both  results, 


'"***>  ^  > 

jl44t?2        144   ' 


15-1 


Top. 

74*4 
4-867 

117338 
1095 


Mean  effective  pressure  as  observed,  \ 

being  the  mean  result  of  a  series  ^ 

.of  diagrams, j 

Difference, 

being  within  the  limits  of  errors  of  observation. 


13-03 
13-10 

—  0-07 


Available  heat  expended  per  pound  1 
of  steam,  ||, 

Pressure  in  pounds  per  square  inch  1 

equivalent  to  heat,  p^  -f- 144, 

Mean, 


Efficiency, 


P.    ' 


Bottom. 
Foot-lba. 

906989 
125 

0'I2I 


1057 


Top. 
Foot-lbfi. 

925678 
86-4 

0*127 


Mean,  13  03 -4- 105-7,. 


0-123 


*  These  are  the  eDgines  made  by  Messrs.  Randolph,  Elder,  &  Co.,  for  the  steamer 
"  Admiral,"  built  by  Mr.  James  R.  Napier. 
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Net  feed  toaierper  cuibie/oot  swept  through  by  pistons — 

jy  Bottom.  Top. 

— =^  in  pounds, 0*0199  0-0134 

Mean, 0*0167 

^^ZS'.i!'.~"^^.!!'.T!^!}  797,437     808,340 

Per  cubic  foot  swept  through  by  pistons,     15,830  10,865 

Mean, 13,347 

Injection  water  required  in  pounds  per  \ 

cubic  foot  swept  through  by  pistons,  >  0*384 

T^  -  Tg  being  supposed  =  45'', j 

AvadcMe  heat  expended  per  hour  in  foot-potinds  per  indicated 
horse-power^ 

1,980,000        1,980,000       ...r^r^r. 

The  actual  consumption  of  coal  was  2*97  lbs.  per  indicated  horse- 
power per  hour;  hence  the  available  heat  of  combustion  of  1  lb.  of 
the  coal  was 

l^^¥Sf^  =  5,420,000foot-lbe; 

which,  if  the  total  heat  of  combustion  of  1  lb.  of  the  coal  be  esti- 
mated at  10,000,000  foot-lbs.,  gives  for  the  efficiency  of  the  Jwnaoe 
and  boiler, 

0*542. 
Example  I.,  calculated  by  approximate  formulse : — 
Data —  Lba.  per  inch. 

Mean  pressure  of  admission,  :^ =34 

Mean  back  pressure,  ^Yi 4 

Mean  cut  off,  lJ-^^^±^  =  0-2. 

r  2 

Results — 

Mean  gross  pressure,  tV^  =  34  x  -505 I7"i7 

Mean  effective  pressure,    *^ . /^^  calculated ^317 

observed, i3'io 

Difference, +0*07 

Pressure  equivalent  to  expenditure  of  heat,  jt?*-t-144,     105*4 

Efficiency,  P-^^Ps  ^  o*125. 

Pk 
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Example  IL — Engine  of  226  indicated  Junse-poweri  calculated 
by  exact  formulae : — * 

Data — 

Bottom  of  Top  of 

cylinder.  cylinder. 


P^ssure  of  admission,^, loS* 


IW 


104 


Back  pressure,  ^^  3-3  40 

Batio  of  expansion,  r, 16  14 

Temperature  of  feed  water  T4,  about  122^  Fahrenheit 

Calculated  Resui/ts — 

Bottom.  Top. 

Final  volume  of  1  lb.  of  steam,  Vj  =  r  Vp        64*27  58*52 

U1-TJ2, 170151  162726 

^2  {Pt-Pziy 21286  19382 


Work  of  1  lb.  steam,  XT', 191437  182108 

Mean  effective  pressure  in  pounds  p^  \ 

"'•'*'' li4^=Ti4' •• j 

Mean  of  both  results, 3i'i5 

Mean  observed  result  of  a  series  of  ] 

diasrams,  ...•••••• • •• 


>  21 'GO 


Difference, +  0*15 

being  within  the  limits  of  errors  of  observation. 

Bottom.  Top. 

Heat  expended  per  pound  of  steam,  %       9753^1  966524 

Equivalent  pressure  in  pounds  per) 

square  inch, /7|i-^  144,. /  ^  ^ 

Mean, no 

Efficiency,  ^*'"^^ 0-196  o-i88 

Mean, 0*192 

*  ThiB  is  Uie  engine  made  by  Hessn.  Bowan  &  Co.  flbr  the  *f  TlietiB,**  built  by 
MeBBiB.  Soott  of  Greenock. 
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Example  11.^  calculated  hj  approximate  formulie : — 
Data — 

LbB.  <m  the 
square  inclu 

Mean  pressure  of  admission^  ~^, io6\ 

Backpressure,^, 365 

Mean  cut  off,  -  =  -067  =  A- 

r  15 

Bbsults — 
Mean  gross  pressure,  :^=106ix  'SSa =24-6 

Mean  effective  pressure,     .  .^^y  calculated, 20-95 

observed, 21*06 

Difference, —005 

Pressure    equivalent  to  expenditure   of   heat ) 
=  P4 -5-144, j 

Efficiency,  019. 

The  detailed  measurements  of  one  set  out  of  the  series  of  diagrams 
from  which  the  power  of  this  engine  was  ascertained,  have  already 
been  given  in  Article  43,  page  51.  The  engine  was  double 
cylindered,  and  the  mean  effective  pressure  has  reference  to  the 
second  or  larger  cylinder,  which  was  /our  times  the  capacity  of  the 
smaller. 

Lbs.  on  the 
aqoareindL 
In  page  51,  there  is  given  as  the  mean  effective 
pressure  in  the  first  or  smaller  cylinder, 56*0 

To  reduce  this  to  an  equivalent  pressure  in  the 

second  or  larger  cylinder,  divide  by  4;  then  —      =14*0 

Add  the  mean  effective  pressure  in  the  larger 

cylinder, 7-13 

Total  reduced  mean  effective  pressure, 21*13 

This  is  the  result  of  one  set  of  diagrams.     The  mean  effective  pres- 
sure of  21  lbs.  on  the  square  inch  given  in  the  recent  comparisons, 
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is  the  mean  of  the  results  of  several  sets  of  diagrams;  and  the  same 
is  the  case  with  respect  to  the  226  indicated  horse-power. 

It  may  be  observed,  that  in  Example  I.,  the  exact  and  the 
approximate  formidfle  deviate  equally,  though  in  opposite  direc- 
tions, from  the  result  of  experiment,  and  that  in  Example  II.  the 
approximate  formula  agrees  the  more  closely  with  experiment  of 
the  two.  But  as  the  differences  in  all  these  cases  are  much  within 
the  limits  of  those  which  the  errors  of  observation  and  the  uncer- 
tainties of  the  data  are  capable  of  causing,  the  closeness  of  the 
agreement  in  each  case  must  be  considered  as  partly  accidental ; 
and  the  results  of  the  comparisons  between  theory  and  experiment 
prove  simply,  that  for  initial  pressures  up  to  about  120  lbs.  on  the 
square  inch,  both  the  exact  and  the  approximate  formuLs  agree  with 
experiment  closely  enough  for  practiod  purposes. 

Further  to  iUustrate  &e  application  of  the  approximate  formube, 
the  following  tables  of  examples  are  given,  in  which  the  mean 
effective  pressures,  Pm'^Pz?  the  pressures  equivalent  to  the  expendi- 
ture of  heat,  j9a>  ^^  efficiencies  of  the  steam,  and  the  quantities  of 
fuel  consumed  per  indicated  horse-power  per  hour,  are  computed 
for  a  regular  series  of  values  of  the  initial  absolute  pressure,  p^y  and 
of  the  ratio  of  expansion,  r,  on  the  assumption,  that  the  mean 
absolute  back  pressure  in  condensing  engines  is  4  lbs.  on  the  square 
inch,  and  in  non-condensing  engines,  18  lbs. ;  and  that  the  available 
heat  of  combustion  of  1  lb.  of  the  coal  employed  is  5,400,000  foot- 
lbs.  This  value  of  the  available  heat  per  pound  of  coal  has  been 
chosen  because  of  its  having  been  the  ascertained  value  in  a  number 
of  recent  experiments  upon  marine  boilers  of  ordinary  construction 
and  proportions,  with  good  ordinary  steam  ooaL  It  is  easy  to 
modify  the  numbers  in  the  table  to  suit  any  other  value  of  the 
available  heat  of  combustion.  Take,  for  instance.  Example  Y.  for 
a  condensing  engine  with  the  admission  0*1  of  the  stroke.  The 
consumption  of  coal  is  stated  to  be  2*07  lbs.  per  indicated  horse- 
power per  hour,  for  coal  whose  available  heat  of  combustion  in  the 
furnace  and  boiler  employed  is  5,400,000  foot-lbs.  But  if  by  using 
an  improved  furnace  and  boiler,  and  also  a  better  quality  of  coal, 
the  available  heat  of  combustion  can  be  increased  to  10,000,000 
foot-lbs.  per  pound  of  coal,  being  greater  than  the  previous  amount 
in  the  ratio  of  100  to  54,  and  corresponding  to  an  effective  eva- 
porative power  of  13-4,*  then  the  consimiption  of  coal  per  indicated 
horse-power  per  hour  will  be  reduced  to 

0-54  X  2-07  =  M2  lb. 

*  This  evaporative  power  was  somewhat  exceeded  in  the  bdler  of  the  "  Thetis," 
dmiog  a  short  experiment  already  refezred  to  in  Article  284,  Example  IX.,  page 
297. 
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289  A.  Cradeiuiiig  Hlgli  Pkmr«  BagiM*. — This  term  may  be 
applied  to  engines  such  as  Mr.  Beattie's  locomotives,  in  which, 
although  the  steam  is  discharged  from  the  cylinder  at,  or  a  little 
above,  the  atmospheric  pressure,  a  portion  of  it  is  condensed  for 
the  purpose  of  heating  the  feed  water,  the  remainder  being  used 
to  make  a  blast  in  the  chimney.  This  is  effected  by  conducting 
steam  through  a  branch  from  the  exhaust  pipe  into  a  close  vessel, 
through  which  there  fells  a  shower  of  water  from  the  water  tank. 
From  the  bottom  of  that  vessel  water  is  drawn  by  the  feed  pump, 
and  forced  into  the  boiler,  its  temperature  being  usually  about 
200°  Fahrenheit. 

In  applying  the  exact  formulae  to  this  case,  T^  is  to  be  made 
=  200°  Fahrenheit,  or  whatever  other  temperature  the  feed  water 
may  have. 

In  applying  the  approximate  formulae,  the  results  of  the  follow- 
ing calculation  will  in  general  be  found  sufficiently  accurate. 

The  approximate  expression  already  given  for  the  expenditure 

of  heat  per  unit  of  volume  swept  through  by  the  piston,  viz.,  — 5^, 

was  obtained  upon  the  supposition  of  the  temperature  of  the  feed 
water  being  104°,  or  thereabouts.  Keferring  to  Article  215  A, 
and  to  the  Table  in  page  256,  let  /  denote  the  ^^ factor  of  evapora- 
tion "  for  the  boiling  point  of  the  water  in  the  boiler,  and  for  the 
temperature  of  feed  water  104°;  and  let/'  be  the  factor  of  evaporsr 
tion  for  the  same  boiling  point,  and  for  the  temperature  of  feed 
water  200°;  then  the  expenditure  of  heat  will  be  reduced  very 

nearly  in  the  proportion -~r,  so  that  the  approximate  formula  for  the 

expenditure  of  heat  per  unit  of  volume  swept  through  by  the  piston 
will  now  be 

rv^      f        r     ^  '' 

¥or  example,  let  the  boiling  point  be  320°  Fahrenheit,  which 
corresponds  to  a  pressure  of  89*86  lbs.  on  the  square  inch  in  all,  or 
75  lbs.  above  the  atmosphere  nearly;  then 

/'=  1-04;/=  1-15;  and 

li=Il?i  nearly. (2.) 

rv^         r  ^  ^    ' 

The  pipe  for  conducting  steam  from  the  exhaust  pipe  to  the 
condenser  has  a  cock  or  valve,  by  means  of  which  its  opening  is 
adjusted  until  it  transmits  the  greatest  quantity  of  steam  com- 
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patible  with  complete,  or  nearly  complete,  condemnation.  According 
to  experiments  on  Mr.  Beattie's  engines  described  by  Mr.  Patrick 
Stirling,  about  ovs-fiywrih  of  the  whole  exhaust  steam  is  required 
for  this  purpose;  and  the  remaining  three-fourths  are  adequate  to 
produce  a  sufficient  blast  in  the  chimney. 

290.  ]»ur«rcMee  betwvea  PreMwe  Im  B«llcr,  and  Iniilol  PMMim 
In  €77liniicr«— wtre-DvawB  StMnn. — The  fall  which  the  pressure  of 
the  steam  undergoes  during  its  passage  from  the  boiler  to  the 
cylinder,  is  due  to  the  following  causes : — 

1.  The  resistance  of  the  steam  pipe  through  which  the  steam 
passes  from  the  boiler  to  the  valve  box. 

2.  The  resistance  of  the  regulator,  or  throttle  valve,  by  which 
the  steam  pipe  is  partially  closed,  in  the  same  manner  with  the 
supply  pipe  of  the  water  pressure. engine,  fig.  40,  Article  132,  page 
140. 

3.  The  resistance  of  the  "jw>rte,"  or  steam  passages  through 
which  the  steam  is  admitted  from  the  valve  box  into  tiie  cylinder, 
and  which  are  at  times  partially  closed  by  the  valves,  so  as  to  have 
their  resistance  increased. 

4.  The  disappearance  of  actual  energy  when  the  steam  passes 
from  the  ports  into  the  cylinder,  exchanging  its  previous  rapid 
motion  for  the  comparatively  slow  motion  of  the  piston. 

It  is  impossible,  in  the  present  state  of  our  knowledge  of  the 
properties  of  steam,  to  calculate  separately  the  losses  of  pressure 
due  to  these  four  causes;  and  even  were  it  possible,  the  complexity 
of  the  resulting  formula  would  be  out  of  proportion  to  its  practical 
utility.  All  tiiat  can  for  the  present  be  done  is  to  use  the  theory 
of  the  discharge  of  gases  through  orifices,  as  explained  in  Article 
254,  in  order  to  find  the  probable  form  of  an  approximate  formula 
for  the  whole  loss  of  pressure,  and  to  determine  a  constant  co-effi- 
cient in  that  formula  empirically  from  experiments  on  existing 
engines. 

The  best  collection  of  experimental  data  on  this  subject  is  con- 
tained in  Mr.  D.  K.  Clark's  work  on  Raikoay  Machinery,  These 
data  are  taken  partly  from,  the  experiments  of  Messrs.  Qouin  and 
Lechatelier,  and  partly  from  Mr.  Clark's  own  experiments;  and 
are  to  a  certain  extent  reduced  to  general  laws. 

Amongst  other  general  results,  Mr.  Clark  finds  that  the  effect 
of  the  resistance  in  the  steam  pipe  is  inappreciable,  when  the 
sectional  area  of  that  pipe  is  not  less  than  rtr  of  the  area  of  the 
piston  for  steam  in  an  ordinary  state  as  to  dryness,  and  not  less 
than  iV  for  steam  in  a  veiy  dry  state ;  the  mean  speed  of  the  piston 
not  exceeding  600  feet  per  minute,  or  10  feet  per  second.  It 
follows,  that  in  a  well  constructed  engine,  the  steam  pipe  should 
be  80  proportioned,  that  supposing  the  density  of  the  steam  to  be 
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the  same  in  it  and  in  the  cylinder,  the  velocity  of  the  steam  through 
the  steam  pipe  shall  not  exceed  about  100  feet  per  second,  and 
then  the  resistance  in  the  pipe  may  be  neglected.  This  result  is 
corroborated  by  the  known  effect  in  practice  of  the  ordinary  rule, 
that  where  the  velocity  of  the  piston  is  firom  200  to  240  feet  per 
second,  the  area  of  the  steam  pipe  should  be  about  -fv  of  that  of  the 
piston. 

The  resistance  of  the  regulator  in  a  properly  proportioned  steam 
pipe  is  inappreciable  when  it  is  wide  open ;  and  when  it  is  partially 
dosed,  the  investigation  of  mathematical  relations  between  the 
resistance  and  the  opening  is  practically  unimportant,  because  the 
extent  of  opening  of  the  regulator  required  to  produce  any  given 
reduction  of  pressure  in  any  existing  engine  can  easily  be  found  by 
trial 

There  remain  to  be  considered,  the  resistance  of  the  cylinder 
ports,  and  the  loss  of  head  on  entering  the  cylinder. 

In  Article  254,  equation  1,  is  given  an  expression  for  the  velodiy 
of  a  gas  rushing  through  an  orifice,  from  a  space  in  which  the 
pressure  is  j9^,  into  a  space  in  which  the  pressure  is  p^.  To  prevent 
confusion,  and  to  adapt  the  equation  to  the  notation  of  the  present 
section, 

Put  Pi  to  stand  for  the  pressure  in  the  boiler  and  valve  chest, 
instead  of  p^ ; 

And  Pi,  tne  initial  pressure  in  the  cylinder,  instead  of  p^; 

Also  put  V  instead  of  «( to  denote  the  greatest  velocity  of  flow. 

Square  both  sides  of  the  equation;   divide  by  2  ^;  and  for 

.  P^-J  substitute  its  equivalent,  K,;  then  we  have  for  the 

?iead  due  to  the  maxmmm  velocity  Y — 


which  for  steam,  treated  as  a  perfect  gas,  becomes 

5-««"-{'-©"'} <'■) 

From  analogy  with  the  flow  of  liquids  and  of  air,  it  is  probable 
that  when  besides  producing  a  current  of  steam  of  a  certain 
velocity,  the  difference  of  pressure  has  also  to  overcome  the  friction 
of  a  passage,  the  leftrhand  side  of  the  preceding  equation  should  be 
multiplied  by  1  +  F,  F  being  a  "  factor  of  resistance*'  (as  in  Article 
99). 

The  quantity  V^,  being  the  mecm  squcure  of  the  velocity  with 
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-which  the  steam  enters  the  cylinder,  may  be  treated  as  the  product 
of  three  Actors,  viz. : — 

The  square  of  the  mean  velocity  of  the  piston  (let  this  be  denoted 

The  square  of  the  ratio  in  which  the  area  of  the  piston  exceeds 
the  area  of  the 


port  [^; 


A  factor  depending  on  the  figure  and  manner  of  motion  of  the 
valva 

For  simplicity's  sake,  take  the  product  of  this  last  factor,  and  of 
the  factor  1  +  F,  which  may  be  denoted  by  one  symbol,  B.  Then 
the  formula  for  the  "  loss  of  head'*  sustained  by  the  steam  becomes 


'{^-{Th <^> 


giving  the  following  formula  for  computing  the  ratio  in  which  the 
absolute  pressure  of  the  steam  falls : — 

p,^\  2^^X366-7  ria2/      W 

The  co-efficient,  B,  is  to  be  determined  empirically.  As  a  basis 
for  this  determination  in  the  case  of  diy  steam  may  be  taken  one 
of  the  general  conclusions  arrived  at  by  Mr.  Clark,  viz.,  that  when 

—  =15,  and  V ^  10  feet  per  second,  ^  =  0*84  nearly;  the  pres- 
sure in  the  valve  chest,  p^,  being  on  an  average  90  lbs.  on  the  square 
inch  or  thereabouts,  and  consequently  the  absolute  temperature 
Tj  =  320^  +  461^-2  =  78V-2  nearly. 
These  data  give  B  =  32*4,  and  consequently 

B  32-4  1 


2^X366-7  ~  23615-5  ""726^ 
so  that  equation  3  becomes 


?i_/l_Zl^l"'  ..      (4) 


In  all  oaaes  in  which  the  difference  between  p^  and  p^  is  small, 
the  foUowing  formula  is  a  sufficiently  close  approximation : — 

Pi-l        ^A«  . 

p,-         180  r^a*' ^  ' 
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The  following  example  is  a  case  to  which  the  approidmate  for^ 
mula  does  nof  ^^pply*  The  data  are  such  as  are  sometimes  met  with 
in  Cornish  single  acting  engines : — 

A 

V'  =  2J  feet  per  second;  -=120; 

rj  =  745-2;  whence 

^  =  0-8336*^  =0-458; 

so  that  if  j9»  =  52-52  lbs.  per  square  inch,  p^  =  24  lbs.  on  the  square 
inch. 

In  the  next  example,  the  approximate  formula  is  applicable; 
and  the  data  are  such  as  are  very  commonly  met  with  in  double 
acting  expansive  engines. 

V  =  4  feet  per  second;  —  =  25; 
ri  =  266**  +  461*^-2  =  727°-2;  whence,  by  equation  5, 

so  that  if  p»  =  39*2  lbs.  on  the  square  inch,  p^  =  36-2  lbs.  on  the 
square  inch,  the  loss  of  pressure  being  3  lbs.  on  the  square  incL 

It  appears  farther,  f]X>m  the  experiments  of  Mr.  Clark,  that  the 
loss  of  pressure  of  misty  steam  in  traversing  passages  exceeds  that 
of  dry  steam  in  a  proportion  which  cannot  be  computed  with 
any  approach  to  precision,  but  which  ranges  from  1^  to  2^  and 
sometimes  even  to  3. 

The  lo8s  of  head  which  occurs  during  the  passage  of  steam  from 
the  boiler  to  the  cylinder,  do^  not  wholly  represent  toasted  energy; 
for  being  expended  in  friction,  it  produces  heat;  so  that  steam 
which  has  had  its  pressure  lowered  by  the  resistance  of  passages, 
or  as  it  is  called,  has  been  wire-dbawn,  is  eiiperheated  (that  is,  is  at  a 
temperature  higher  than  the  boiling  point  corresponding  to  its 
pressure,  although  lower  than  the  temperature  in  the  boiler),  as 
has  already  been  stated  in  Article  253.  Even  supposing,  however, 
that  no  energy  is  directly  wasted  when  steam  is  wire-drawn,  there 
is  still  an  indirect  waste  of  energy  from  the  lowering  of  its  pres- 
sure, which,  by  diminishing  the  forward  pressure  upon  the  piston 
as  compared  with  the  back  pressure,  and  by  diminishing  the 
extent  of  expansive  working  of  which  the  steam  is  capable,  lowers 
its  efficiency. 

When  an  engine,  therefore,  has  to  work  against  a  diminished 
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resistance^  it  is  better  to  diminish  the  mean  effective  pressure 
by  cutting  off  the  admission  earlier,  and  so  working  with  a 
greater  ratio  of  expansion,  than  hj  contracting  the  opening  of  the 
regulator,  and  so  lowering  the  initial  pressure  by  wire-drawing. 
The  former  method  makes  the  engine  more  economical,  the  latter 
less. 

^me  of  the 


291. 
deviations  of  the 
diagram  of  energy 
of  a  steam  engine 
fipomthe  ideal  form 
have  already  been 
considered  inci- 
dentally in  the 
preceding  Articles 
of  this  section.  In 
the  present  Article 
the  more  impor- 
tant and  usual  of 
these  deviations 
are  to  be  classed 
and  considered  more  in  detail. 

These  causes  may  be  thus  classed, — 

Causes  which  affect  the  power  of  the  engine,  as  well  as  the  figure 
of  the  diagram : — 

I.  Wire-drawing  at  cut-off. 
IL  Clearance. 

III.  Compression^  or  cushioning. 

IV.  Eelease. 

V.  Conduction  of  heat 
VI.  Liquid  water  in  the  cylinder. 

Causes  which  affect  the  figure  of  the  diagram  only : — 

VII.  Undulations. 
VIII.  Friction  of  the  indicator. ' 
IX.  Position  of  the  indicator. 

I.  Wire-elraMvng  at  Cviroff, — The  valve  by  which  the  steam  is 
admitted  into  one  end  of  the  cylinder,  closes,  in  order  to  cut  off 
the  admission  of  steam,  not  instantaneously,  but  by  degrees, 
especiaUy  when  it  is  a  dide  valve.  In  consequence  of  this,  the 
loss  of  pressure  by  the  steam  in  passing  from  the  valve  chest  into 
the  cylinder  gradually  increases,  and  the  pressure  of  the  steam  in 
the  cylinder  begins  gradually  to  diminish,  before  the  complete 
closing  of  the  -^ve;  so  that  the  top  of  the  diagram,  which  is 
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drawn  during  the  admission  of  the  steam,  instead  of  presenting  a 
straight  line,  A  B  (fig.  Ill),  parallel  to  O  X,  presents  a  drooping 
curve,  convex  upwards,  such  as  A  H  G. 

The  point  of  the  stroke  where  the  complete  closing  of  the  valve,  or 
actual  cut-offy  takes  place,  is  usually  marked  on  the  diagram  by  a 
pomt  of  contrary  flexure,  G,  where  the  cturve  convex  upwards,  H  G, 
produced  by  wire-drawing,  touches  the  curve  of  expansion,  G  C, 
which  is  concave  upwards.  The  steam  b^ins  to  a  certain  extent 
to  work  expansively  before  the  valve  is  completely  closed,  and  the 
energy  exerted  is  nearly  the  same  as  if  the  valve  closed  instan- 
taneously at  a  somewhat  earlier  point  of  the  stroke,  which  may  be 
called  the  virtucdy  or  effective  cut-off.  To  find  approximately  that 
point,  produce  the  expansion  curve,  C  G,  upwards,  and  draw  the 
straight  line,  A  B,  to  meet  it;  then  the  point  B  marks  the  effective 
cut-off,  and  determines  the  effective  ratio  of  expansion  to  be  used 
in  computing  the  efficiency. 

II.  Clearance  is  a  term  used  to  include,  not  merely  the  clearance 
proper,  which  is  the  space  between  the  piston  and  the  end  of  the 
cylinder  to  which  it  is  nearest  at  the  end  or  banning  of  a  stroke, 
but  also  the  volume  of  the  ports,  and  generally  the  whole  minifnum 
space  between  the  piston  and  the  valves.  It  is  evident  that  this 
space,  as  well  as  the  space  through  which  the  piston  sweeps,  has 
to  be  filled  with  steam. 

The  clearance,  for  purposes  of  calculation,  is  expressed  in  the 
form  of  a  fraction  of  tiie  space  swept  through  by  the  piston  during 
H  single  stroke.  Let  A  be  the  area  of  the  piston,  8  the  length  of 
its  stroke;  then 

volume  ofdeanmce  ,,  . 

is  the  fraction  in  question,  and 

volume  qfdearaaice  =  c  A« (2.) 

The  length  of  cylinder  equivalent  to  the  dearamee  is 

volvm/e  ofdearamce  ,^ . 
-j^ =  <?« (3.) 

The  value  of  the  fraction  c  ranges  from  i  to  inr,  and  sometimes 
less,  in  different  engines,  being  greatest  in  the  smallest  engines. 
The  equivalent  length  of  cylinder  c  %  varies  less,  being  usually 
from  one  to  two  inches. 

The  clearance  affects  the  ratio  of  expansion  in  the  following 
manner : — 

In  fig.   Ill,  let  E  F=i  At  represent  the  whole  space  swept 
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through  by  the  piston  per  stroke ;  and  let  LK  =  NA  =  cA« 
represent  the  clearance.  The  steam  being  cut  off  at  B,  A  B  in  the 
diagram  A  B  C  E  F  A  appears  to  represent  the  volume  of  steam 
in  the  cylinder  at  the  instant  of  cut-off,  and 

AB_1    ET 
ET""r''AB"    ' 

are  the  apparent  cut-off  and  ratio  of  expansion.  But  the  real 
volume  of  steam  in  the  cylinder  at  the  instant  of  cut-off  is  N  B, 
and  it  expands  to  the  volume  L  I;  so  that  the  real  cut-off  and 
ratio  of  expansion  are 

1    .  

1_NB-I_      _  I^I  _l+c_/  +  c/      ... 
r"  LI-  1+c'  ''•-N^-I— ■"HF^'----^*-^ 

If  the  steam  is  completely  exhausted  from  the  cyUnder  during  each 
return  stroke,  the  clearance  produces  the  following  effect  on  the 
expenditure  of  steam  and  of  heat  The  apparent  volume  of  steam 
admitted  per  stroke  being  A  B,  and  the  real  volume  N  B,  the 
expenditure  of  steam,  and  consequently  of  heat,  is  increased  by 
reason  of  the  clearance  in  the  ratio 

ll=i+'"-' <^) 

On  the  same  supposition,  that  the  steam  is  completely  exhausted 
during  each  return  stroke,  the  energy  exerted  on  the  piston  per  poumd 
of  steam  is  diminished  nearly,  but  not  quite,  by  the  amount 

^1  (Pi-Ps)  'YT^ ^^'^ 

Vi  being,  as  usual,  the  volume  of  one  pound  of  steam  when  admitted, 
p^  the  pressure  of  admission,  and  p^  the  mean  back  pressure.  The 
diminution  of  energy  exerted  is  not  quite  to  the  above  amount; 
because  the  energy  with  which  the  steam  rushes  in  to  fill  the 
clearance  is  expended  partly  in  impulse  against  the  piston,  and 
partly  in  producing  heat  by  friction  amongst  the  particles  of  steam, 
and  that  heat  superheats  the  steam,  and  makes  a  less  quantity 
suffice  to  fill  a  given  space  at  a  given  pressure. 

If  the  whole  of  the  energy  per  pound  of  steam  denoted  by  the 
expression  6  were  lost,  it  would  reduce  the  efficiency  of  the  steam  in 
the  proportion  of 
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1  _  -^JL.  .     Pi-P'      •  1 (7.) 

III.  Compreadony  or  citaMoning,  is  effected  by  cloBing  the  educ- 
tion valve  before  the  end  of  the  return  stroke ;  for  example^  at  the 
point  corresponding  to  M  on  the  diagram.  This  confines  a  certain 
quantity  of  steam  in  the  cylinder,  which  is  compressed  by  the  piston 
during  the  remainder  of  the  return  stroke,  the  rise  of  its  pressure 
being  represented  by  some  such  curve  as  M  A.  In  the  figure,  that 
curve  is  made  to  terminate  at  A,  in  order  to  represent  the  fnost 
advaritageoua  adjustment  of  the  compression,  which  takes  place 
when  the  quantity  of  steam  confined  or  "cushioned"  is  just  mffi- 
cterU  iofU  the  dea/rcmce  at  the  initial  pressure  p^. 

An  approximate  formula  for  adjusting  the  compression  is  as 
follows : — 

"=«^(?y. w 


KI 

The  effect  of  this  adjustment  is  to  save  all  the  additional  expen- 
diture of  steam  per  stix>ke  denoted  by  c  r^  in  equation  5,  and  to 
save  also  the  loss  of  energy  per  poimd  of  steam  expressed  by  the 
formula  6;  so  that  the  efficiency/  of  the  steaan,  remains  undiminished. 
The  Tnean  effective  presswre,  however,  is  diminished  in  the  proportion 

1:1+5/; 

and  the  pressv/re  equivalent  to  the  heat  expended  in  the  same  propor- 
tion ;  BO  that  if  j9^  —  p^  and  j9j^  respectively  represent  those  quantities, 
calculated,  as  in  previous  Articles,  on  the  supposition  of  there  being 
no  clearance,  they  are  altered  respectively  to 

1  -Tcr         1+cr 

while  the  space  to  be  swept  fhrfyagh  by  the  piston  per  minutej  per 
indicated  horse-power,  is  at  the  same  time  increased  in  the  ratio 

l+cr':l, 
and  becomes 

^^ ^  in  cubic  feet, (10.) 

when  the  pressures  are  expressed  in  pounds  on  the  square  foot. 

In  the  case  which  has  now  been  considered  of  adjusted  cushion- 

cr' 
ing,  the  fraction  j  of  a  whole  cylinderful  of  steam  (clearance 

1  T"  cr 
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included),  performs  the  part  of  a  cushion  according  to  the  principles 
laid  down  for  heat  engines  in  general  in  Article  262,  while  the 

fraction  rr—. -,  performs  the  effective  work. 

lY.  Rdeaae  means  opening  the  exhaust  port  for  the  escape  of 
the  steam  before  the  forward  stroke  is  finished,  in  order  to  diminish 
the  back  pressure.  In  an  engine  in  which  there  is  no  release  (the 
exhaust  port  opening  exactly  at  the  end  of  the  forward  stroke),  the 
diagram  during  the  return  stroke  is  usually  a  curve  more  or  less 
resembling  the  dotted  line  C  M  K;  the  lower  side  of  the  ideal  dia- 
gram used  in  calculation  being  a  straight  line  E  F,  so  placed  that 
its  constant  ordinate  p^  is  equal  to  the  mean  ordinate  of  the  curve. 
L  K I  is  a  straight  line,  whose  ordinate  O  L  represents  the  pressure 
in  the  condenser  (or  in  non-condensing  engines,  the  atmospheric 
pressure).  By  making  the  release  occur  early  enough,  for  example, 
at  the  point  corresponding  to  P  in  the  diagram,  the  entire  &11  of 
pressure  may  be  made  to  take  place  towards  the  end  of  the  forward 
stroke,  so  as  to  make  the  back  pressure  coincide  sensibly  with  that 
corresponding  to  the  ordinate  of  K  I;  and  then  the  end  of  the 
diagram  will  assume  a  figure  represented  by  the  dotted  line  P  I, 
which  is  usually  more  or  less  concave  upwards.  Eneigy  will  be 
saved  to  the  amount  represented  by  the  rectangle  K  F  x  K  I,  and 
energy  lost  to  the  amoxmt  represented  by  the  area  of  the  figure 
P  C  I P;  and  on  the  whole,  energy  will  be  saved  or  lost  according 
as  the  former  or  the  latter  of  those  areas  is  the  larger.  The 
greatest  saving  of  energy  is  insured  by  making  the  release  take 
place  at  a  point  Q  such,  that  about  one-half  of  the  &11  of  pressure 
shall  take  place  at  the  end  of  the  forward  stroke,  and  the  other 
half  at  the  commencement  of  the  return  stroke,  as  indicated  by  the 
dotted  curve  Q  R  S. 

V.  Conduction  of  heat  to  omdfrom  the  mdal  of  the  cylinder,  or 
y  I.  To  omd  from  liquid  water  contained  in  the  cylinder,  has  the 
effect  of  lowering  the  pressure  at  the  beginning,  and  raising  it  at 
the  end  of  the  stroke,  in  the  manner  already  mentioned  incidentally 
in  Article  286,  the  lowering  effect  being  on  the  whole  greater  than 
the  raising  effect.  The  general  nature  of  the  change  thus  produced 
in  the  diagram  is  shown  by  the  dotted  line  G  H I C  F  in  fig.  112. 
The  effect  of  liquid  water  is  much  greater  than  that  of  the  metal 
of  the  cylinder,  and  is  augmented  by  the  increased  resistance  which 
it  produces  to  the  flow  of  the  steam  through  the  ports  (already 
mentioned  in  Article  290),  which  not  only  diminishes  the  pressure 
of  admission,  but  increases  the  back  pressure  (see  as  to  this,  Article 
280).  The  remedy  for  these  evils,  by  heating  the  cylinder  exter- 
nally, has  already  been  mentioned  in  Article  290. 
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YII.   UndviUaionSf  such  as  those  sketched  in  fig.  113^  are  caused 
partly  by  the  inertia  of  the  indicator  piston,  and  the  elasticity  of 


Fig.  112. 


Fig.  118. 


its  springs,  and  partly  by  pulsations,  like  waves  of  sound,  in  the 
steam.  Wh«:i  la^  and  extensive,  they  make  it  extremely  difficult 
to  determine  the  mean  effective  pressure  from  the  diagram.  In 
attempting  to  find  that  pressure,  by  sketching  a  diagram  freed  from 
undulations,  it  is  more  accurate  to  draw  a  line,  such  as  the  dotted 
line  in  the  figure,  imdux^y  between  the  crests  and  Jioflcwe  of  the 
waves,  than  to  draw  a  line  enclosing  the  same  area  with  the  wavy 
line. 

VIIL  The  fridion  of  the  indiccUor,  by  directly  opposing  the 
motion  of  its  piston  and  pencil,  tends  to  make  the  indicated  for- 
ward pressure  less,  and  the  indicated  back  pressure  greater,  than 
the  r^  forward  and  back  pressure  respectively,  and  so  to  make  the 
indicated  energy  less  than  the  real  energy  exerted  by  the  steam  on 
the  piston;  but  to  what  extent  is  very  uncertain.  According  to 
some  experiments  by  Mr.  Him  (BuUetm  de  MuLhouse^  vol&  xxviL, 
xxviii.),  the  diminution  of  the  indicated  energy  by  the  firiction  of 
the  indicator  agrees  nearly  with  the  work  performed  in  overcoming 
the  friction  of  the  steam  engine;  so  that  the  indicator  shows,  not 
the  whole  energy  exerted  by  the  steam  on  the  piston,  but  very 
nearly  the  vse/vl  work  of  the  steam  engine;  but  it  is  doubtful  how 
far  this  principle  is  generally  applicable;  and  other  experiments, 
especially  those  on  screw  steamers,  are  at  variance  with  it. 

IX.  FosiUon  qf  Indicator. — Experiments  by  Messrs.  Eandolph, 
Elder,  &  Co.,  have  proved  what  might  have  been  expected  firom  the 
laws  of  fluid  motion^  that  when  a  rapid  current  of  steam  blows 
across  the  orifice  of  the  nozzle  of  an  indicator,  the  indicated  pres- 
suro  is  less  than  the  real  pressure.  Every  indicator,  ther^oro, 
should  be  fixed,  if  possible,  in  a  position  where  it  is  not  exposed  to 
this  cause  of  eiTor. 

292.  BMlaiaace  mf  BaglBe  —  B Aclmcy  •f  IHccluudMik  —  The 
energy  lost  through  the  resistance  of  the  engine  comprohends  that 
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expended  in  overcoming  the  friction  of  the  mechaniBm,  in  working 
the  feed  pump,  in  worlong  the  air  pump  and  cold  water  pump  of 
condensing  engines,  and  generally,  in  overcoming  all  resistances 
arising  within  the  engine  itself  except  the  back  pressure  of  the 
steam. 

Our  knowledge  of  the  amount  of  energy  so  lost  is  still  very  vague 
and  indefinite.  The  formula  (originally  proposed  by  the  Count  de 
Pambour),  by  which  it  is  calculated  approximately,  is  of  the  follow- 
ing kind : — 

Let  Rj  represent  the  us^vl  had  of  the  engine,  reduced  by  the 
principle  of  virtual  velocities  to  the  piston  as  the  driving  point,  as 
in  Article  264.  Then  the  prejudicial  resistance,  reduced  to  the 
piston  also,  probably  consists  of  a  constant  part,  which  is  the  resis- 
tance of  the  engine  when  unloaded,  and  of  a  part  increasing  in 
proportion  to  the  useful  load ;  so  that  the  toAxd  resUtancey  reduced 
to  the  piston,  may  be  expressed  in  the  following  form : — 

R  =  (l+/)Ei  +  K„; (1.) 

Rq  being  the  resistance  uiiloaded,  and  /  the  co-efficient  for  the 
variable  part  of  the  resistance. 

Let  A  be  the  area  of  the  piston ;  then  the  total  resistance,  per 
unU  of  area  of  piston,  which  is  equal  to  the  mean  effective  pressure, 
may  be  thus  expressed  : — 

;,.-ft=5=(l+/)|  +  ^ (2.) 

The  efficiency  qfthe  mechamam  is  given  by  the  formula, 

^-         ^ L_  .  (^\ 

and  this,  being  multiplied  by  the  effidency  of  the  eteam,  and  by  the 
efficiency  of  the  furnace,  gives  the  resuUant  efficiency  of  the  whole 
steam  engine. 

The  unloaded  resistance  is  known  by  experiment  to  range  from 
^  lb.  to  about  1^  lb.  per  square  inch  of  piston  (being  greatest  pro- 
portionally in  the  smallest  engines),  and  to  be  on  an  average  1  lb. 
per  square  inch;  hence  we  may  put,  approximately, 

IL 

-^  =  1  lb.  on  the  square  inch  =  144  lbs,  on  the  square  foot... (4.) 

The  value  off  in  well  made  engines  in  the  best  order  is  estimated 
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by  the  Count  de  Pambour  at  -  =  0*143 :  and  that  estimate  is  oor- 

7  ' 

roborated  by  general  experience,  in  cases  in  which  there  is  no 
special  cause  for  increased  friction.  In  such  cases,  then,  we  may 
put  for  the  gross  resistance,  in  pounds, 

R  =  It  Ri  +  A  in  square  inches; (5.) 

and  for  the  efficiency  of  the  mechanism, 


J5i^= L 


.(6.) 


^  "^ ^iPm-p^)'^  ^.-^^g.  A  in  inches 

In  most  cases  which  occur  in  practice,  a  result  nearly  agreeing 
with  that  of  the  preceding  formula  is  obtained  by  supposing  the 
whole  of  the  prejudicial  resistance  to  be  proportional  to  the  useful 
load ;  that  is,  by  making 

R  =  (H-/')Ei; (7.) 

sK)  that  the  efficiency  of  the  mechanism  is 

1=1^ w 

the  value  off  being  somewhere  between  0*2  and  0*25,  and  that  of 
1-^1  +/'  between  |  and  f 

PMbiem. — The  nature  of  the  problem  now  to  be  considered  with 
special  reference  to  the  action  of  saturated  steam,  has  already  been 
stated  in  general  terms  in  Article  264.  It  was  first  solved  by  the 
Count  de  Pambour.  In  that  author's  solution,  however,  the 
weight  of  steam  produced  in  the  boiler  in  a  given  time  was  treated 
as  a  known  constant  quantity;  while  in  this  treatise,  it  is  the 
available  heat  of  the  famace  in  a  given  time  that  will  be  treated  as 
a  known  constant  quantity ;  the  problem  being,  when  that  quantity, 
and  the  useful  redstaTice  to  he  overcome  by  the  engine,  and  the  hoick 
jjresffu/rey  and  also  the  raiio  of  eoepamsion  are  given,  to  find  ^  mMm 
velocity  with  which  the  piston  wiU  move. 

Let  K^  be  the  use&  resistance,  reduced  to  the  piston.     Then 
the  total  resistance,  as  explained  in  Article  292,  is 

R  =  (l+/)Ri  +  E„ (1.)^ 

Divide  this  by  the  area  of  the  piston  or  pistons,  in  a  single  cylinder 
engine,  or  by  the  area  of  the  larger  piston  or  pistons,  in  a  double 
cylinder  engine;  then 
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5 (2) 

is  the  mean  effective  pressure. 

Let  /  be  the  apparent  ratio  of  expansion,  c  the  clearance,  then, 
as  in  Article  291,  Division  11.,  we  have  for  the  real  ratio  of  expan- 
sion, 

r-t±^  (3) 

Let  the  cushioning  be  adjusted  as  it  ought  to  be  so  as  to  prevent 
appreciable  loss  of  eiEciency  by  clearance;  then,  as  in  Article  291, 
Division  IIL,  we  have  for  the  mean  effhcUve  presau/re  in  an  ideal 
diagram,  freed  from  the  effect  of  the  cushioning, 

_        R 

^*""^8~(l+(;r')A^ 

and  .  (4.) 

R^ 

"(l+ciOA 


»=/Ta:r;7rA  +Par 


From  the  real  ratio  of  expansion  r  find,  by  the  approximate  for- 
mulflB  of  Article  285,  or  Table  VIL,  if  the  cylinder  is  unjacketed, 
or  by  the  approximate  formulse  of  Ajrticle  288,  or  Table  VIIL,  if 
the  cylinder  is  jacketed,  the  ratio 

Pi  . 
pJ 

then  the  initial  pressti/re  of  the  steam  ^vnH  be 

^-?.  •  ((tAa-*-^')' ^'-^ 

and  the  speed  of  the  engine  will  adjust  itself  so  as  to  maintain  this 
pressure.   ' 

From  the  initial  pressure,  by  the  proper  exact  formulae  of  Article 
284  or  287,  or  approximate  formulae  of  Article  285  or  288,  as  the 
case  may  be,  compute  the  preseu/re  eqtdvalent  to  the  expendUu/re  of 
heat, 

Hj pj^ ^  .^ . 

^*  ""  r  Vj  ""  efficiency  of  steam ' ^  '' 

Let  W  be  the  number  of  lbs.  of  coal  burned  per  mmute;  h  the 
available  heat  of  combustion  of  one  lb.  of  coal  in  foot-lbs. ;  then 
the  volume  which  the  piston  will  sweep  through  effectivdyper  miwuie 
will  be 
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NA.  =  (l+cO^; (7.) 

8  being  the  length  of  stroke,  A  the  area  of  piston,  and  N  the 
number  of  revolutions  per  minute,  or  the  double  of  that  number, 
according  as  the  engine  is  single  or  double-acting.  This  volume 
being  divided  by  A  gives  the  disUmce  moved  through  effectively  by 
the  piston  per  minute  (the  back  strokes  not  being  reckoned  in  a 
single  acting  engine),  viz., 

N,  =  (l+cr)^; (8.) 

being  the  aoltiHon  of  the  problem. 

The  indicated  powery  in  foot- lbs.  per  minute,  is 


and  the  effective  power 


^n^|^  =  N,R; (9.) 

tr 

^^'tl+c/    A/ 


"TFT" 


=  N»R,; (10.) 


and  these  quantities  are  reduced  to  horee-power,  by  dividing  by 
33,000. 

When  the  effect  of  clearance  is  inappreciable  (as  is  often  the 
case  in  practice),  the  preceding  formulas  are  simplified  by  malHTig 
c  =  0.  This  is  the  case  in  the  double-acting  engine  from  which  the 
following  example  is  taken;  being  the  same  engine  which  has 
already  been  referred  to  in  Example  I.  of  Article  289. 

Data. 

Resistance  overcome  at  circumference  ] 

of   wheels,  making  one  turn  per  V  12900  lbs. 

double  stroke, j 

Circumference, 64*4  feet 

Length  of  stroke  of  piston, «  =  4*25  „ 

Joint  area  of  large  pistons,  A  =  9192  square  inches;  /  estimated 


=  = ;  ^  =  1  lb.  per  square  inch. 


Back  pressure,  P3  =  4  Iba  on  the  square  inch. 

Weight  of  coal  burned  per  minute, W  =  36-8  lbs. 

Available  heat  of  combustion  of  1  lb.  )    ,       k  Ann  aaa  r    4.  lu 
q£cqqI r  ^  =  5,400,000  foot-lbs. 
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Eesults. 

Circumference  of  wheels      64*4  .,   _- 

=r — r; — : — ; =  -s-i.,  therefore, 

Double  stroke  S'S' 

Bi  =  12900  X  ^  =  97736  lbs. 

^  =  ^Sr  =  10-63  lbs.  per  square  inch. 

p^-p^  =  Ux  10-63  + 1  =  13-15  lbs.  per  square  inch. 

p^  =  13-15  +  4-00  =  17-15  lbs.  per  square  inch. 

^  by  Table  VIII.  (for^  =  O^)  1-98. 

Initial  pressure  ;>i  =  17*15  x  1-98  =  33-96  lbs.  per  square  inch- 

.     X   ^        1        15ix  33-96      -^.o 
Ph  ^y  approximate  formula  =  — ^— = =  ivio  o, 

A  ;>*  =  105-3  X  9192  =  967,918  lbs. 
A  W  =  5,400,000  X  36-8  =  198,720,000  foot-lbs. 

Mean  velocity  of  pistons — 

the  actual  mean  velocity  of  the  pistons  was  204  feet  per  minute. 
Indicated  horse-power,  from  adculated  speed  of  piston — 

205-3  X  1315  X  9192  _^^^ 
3pOO  "■       ' 

The  indicated  horse-power  as  observed, • 744. 

Effective  horse-power  from  calculated  speed  of  piston — 

205-3  X  97736 


33000 

Effective  horse-power  from  observed  speed — 

204  X  97736 


33000 


608. 


=r604. 


294.    Cmmmivt  node   mf  fliatlaf  Fiewai.— The  customary 
mode  of  stating  pressures,  already  described  in  Article  105,  as 
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applied  to  pressures  of  water,  is  also  applied  to  pressures  of  steam; 
that  is  to  say,  the  pressure  is  stated,  as  it  is  shown  by  a  gauge  or 
indicator,  in  paimds  per  squa/re  inch  above  or  below  the  cUmospheric 
pressure;  a  pressure  lower  than  the  atmospheric  pressure  being 
treated  as  negative,  and  called  "  vacuum,**  Pressures  stated  in  this 
customaiy  manner  are  reduced  to  real  or  absolute  pressures  by 
adding  them  to  the  atmospheric  pressure  if  positive,  and  subtract- 
ing them  from  the  atmospheric  pressure  if  negativa  During 
experiments  on  steam  engines  intended  to  serve  as  a  basis  for  exact 
calculations  of  efficiency,  the  atmospheric  pressure  ought  to  be 
observed  from  time  to  time  by  means  of  a  barometer.  When  it 
has  not  been  so  observed,  it  may  be  guessed  at  14*7  lbs.  on  the 
square  inch,  at  the  level  of  the  sea.  As  to  its  diminution  at  higher 
levels,  see  Article  106. 

To  illustrate  this  by  an  example,  suppose  that  the  atmospheric 
pressure,  during  a  given  experiment,  is  actually  14  "7  lbs.  on  the 
square  inch ;  and  that  the  pressure  in  the  boiler,  the  initial  pres- 
sure and  mean  back  pressure  in  the  cylinder,  and  the  pressure  in 
the  condenser,  are  shown  by  the  indicator  and  gauges,  and  described 
in  customary  language,  aa  follows : — 

Pressure  in  boiler, 23  lbs.  on  the  square  inch. 

Initial  pressure  in  cylinder, 19  „  „ 

Mean  vacuum  in  cylinder, 1 0*7  „  „ 

Vacuum  in  condenser, 12*7  „  „ 

Then  the  real  or  absolute  values  of  these  pressures  are — 

Pressure  in  boiler,  ^^  =  14-7  +  23  z=  37*7  lbs.  on  the  square  inch. 

't^y^^}^x  =  14-7  +  19  =  33-7  „  „ 

^^!*!:^.!T}Ps  =  H-7-107  =  4 
'^r,'!^:}  l*-7-12-7  =  2  .,  „ 

The  vacuum  in  the  condenser  being  often  measured  by  a  mer- 
curial gauge,  is  sometimes  stated  in  inches  of  mercfu/ry.  As  to  the 
reduction  of  inches  of  mercury  to  lbs.  on  the  square  inch,  see 
Article  107. 

SEcrriON  6. — On  the  Action  of  Superheated  Steam, 

295.  Objecto  and  Hethods  •€  Saperheattac  BtMiHi. — The  principal 
objects  of  heating  steam  to  a  temperature  above  the  boiling  point 
corresponding  to  its  pressure  are  the  following : — 

I.  To  raise  the  temperature  at  which  the  fluid  receives  heat,  and 
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SO  to  increase  the  efficiency  of  the  fluid  (according  to  the  principle 
of  Article  26^;  and  that  without  producing  a  ds^gerous  pressure. 

II.  To  diminish  the  density  of  the  steam  employed  to  overcome 
a  given  resistance,  and  so  to  lessen  the  back  pressure,  according  to 
one  of  the  principles  stated  in  Article  280;  in  customary  phrase, 
"  to  improve  the  vacuum." 

III.  To  prevent  condensation  of  the  steam  during  its  expansion, 
without  the  aid  of  a  jacket. 

Those  three  effects  all  tend  to  increase  the  efficiency  of  the  fluid, 
and  economize  fuel 

The  principal  methods  of  superheating  steam  are  the  following : — 

L  Wire-drcmirig,  as  explained  in  Article  290,  which  occasions 
superheating  when  the  pressure  in  the  cylinder  is  much  less  than 
that  in  the  boiler;  but  seldom  to  an  extent  whose  effects  can  be 
made  the  subject  of  calculation.  Superheating  in  this  way  takes 
place  more  by  accident  than  design,  and  does  not  secure  all  the 
advantages  just  ascribed  to  superheating;  for  although  the  steam 
in  the  cylinder  is  at  a  temperature  higher  than  the  boiling  point 
corresponding  to  its  pressure,  the  steam  in  the  boiler  is  at  a  higher 
temperature  still,  and  at  the  pressure  of  saturation  corresponding 
to  that  higher  temperature. 

II.  Superheating  hy  the  steam  jticket,  which  takes  place  when  the 
steam  jacket  communicates  more  heat  to  the  expanding  steam  in 
the  cylinder  than  is  necessary  merely  to  prevent  any  of  it  from 
condensing.  It  does  not  appear  that  this  kind  of  superheating 
produces  an  effect  that  can  be  made  the  subject  of  a  definite  calcu- 
lation. Its  extent  is  limited,  as  in  Method  I.,  by  the  temperature 
in  the  boiler. 

IIL  Superheating  m  the  steam  chest,  or  upper  part  of  the  boiler, 
by  means  of  flues  traversing  or  surrounding  it  By  this  method, 
the  steam  may  be  raised  to  a  temperature  somewhat,  but  not  veiy 
much  exceeding  the  boiling  point  corresponding  to  the  pressure  in 
the  boiler.  T^  is  practi^  in  many  marine  engines,  and  in  some 
cases  with  the  effect  of  preventing  condensation  in  unjacketed 
cylinders. 

lY .  SuperheaHng  m  tuhes  or  passages  which  the  steam  traverses 
on  its  way  from  the  boiler  to  the  cylinder.  By  this  method  almost 
any  required  temperature  can  be  given  to  steam  of  any  pressui^e. 
It  is  difficult,  if  not  impossible,  to  specify  any  one  as  the  first 
inventor  of  this  proce8&  Mr.  Frost  was  at  all  events  one  of  the 
first  to  recommend  it  and  cause  it  to  be  put  in  practice.  It  was 
used  many  years  ago  in  the  engines  of  the  American  mail  steamer 
''Arctic"  with  good  effect,  and  has  since  been  used  by  many 
makers  in  many  engines,  chiefly  marine,  with  a  great  variety  of 
forms  of  apparatus,  some  of  which  will  be  described  in  Chap.  lY . 
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y.  Swperheating  by  mnaatv/re,  where  a  portion  only  of  the  steam 
is  passed  through  superheating  tubes,  and  raised  to  a  very  high  tem- 
perature, and  then  injected  amongst  the  remainder  of  the  steam  at 
or  near  the  cylinder  ports,  so  as  to  bring  the  whole  mass  of  steam . 
to  a  temperature  intermediate  between  the  boiling  point  cor- 
responding to  its  pressure,  and  the  temperature  in  the  super- 
heating tubes.  The  mixture  thus  made  is  called  by  the  Hon. 
John  Wethered,  who  invented  the  process,  ''  conMned  steam.^^ 

VI.  Superheating  m  the  cylinder,  by  means  of  a  flue  or  of  a 
furnace,  as  in  Mr.  Siemens's  steam  engine. 

296.  Whfwrmmmmi  gupffcj—  m  tm  flmuM-Chu. — ^In  that  scarcity 
of  exact  data  respecting  the  relations  between  the  pressure,  tem- 
perature, and  density  of  superheated  steam  whi<^  at  present 
prevails,  and  which  has  already  been  mentioned  in  Artide  206, 
it  is  necessary  to  take  some  probable  assuanpHon  as  a  promtional 
basis  for  computations  respecting  the  expenditure  of  heat,  the 
power  and  the  efficiency  of  superheated  steam  engine& 

The  simplest  and  most  convenient  assumption  which  can  be 
made,  and  one  also  which  does  not  involve  the  risk  of  any  serious 
error,  consists  in  considering  superheated  steam  as  a  perfect  gasy 
and  deducing  its  density  from  its  chemical  composition.  Steami 
considered  to  be  in  this  state  may  be  called  ^eam-gas. 

The  formula  for  the  product  of  its  pressure  in  pounds  on  the 
sqttare  foot,  p,  and  the  volume  of  one  pound  of  it  in  cubic  feet,  v,  at 
any  given  alwolute  temperature, 

r  -  r  +  46r-2  Fahrenheit, 

is  eu&  follows : — 

r  T  +  46r*2 

pv  =  miO  '  ^  ^i2UQ'^-^ff^  =  S5'Ur,,.„{l.) 

and  the  results  of  that  formula,  for  every  eighteenth  degree  of 
Fahrenheit's  scale,  from  T  =  32°  to  T  =  572°,  are  given  in  the 
column  headed  pvin  Table  IX.,  at  the  end  of  this  section. 

In  the  column  of  the  same  Table  headed  H  are  given  the  values 
for  the  same  series  of  temperatures,  of  the  total  heai  ofgaa^kabion 
in  foot-pounds  required  to  raise  one  pound  of  water  from  the  liquid 
state  at  32°,  to  the  state  of  perfect  gas  at  a  given  temperature, 
under  any  constant  pressure  compatible  with  the  perfectly  gaseous 
state  at  the  latter  temperature.  It  is  assumed  that  saturated 
steam  at  32°  is  perfectly  gaseous,  so  that  the  total  heat  of  gaaefica- 
tion  for  that  temperature,  Hq,  is  simply  the  latent  heat  of  evapora- 
tion, or 

H<)  =  842872  foot-pounds; 
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and  then,  aooording  to  the  principleB  explained  in  Article  258,  we 
have  for  the  total  heat  of  gasefication  of  one  pound  of  steam-gas  at 
any  other  temperature  in  foot-pounds — 

H  =  Ho  +  K,(T-32^  =  842872  +  366-7(T-32'^...(2.) 

The  following  are  some  eqxdvalent  expressions  for  the  same 
quantity: — 

H  =  662016  +  366-7  T  =  662016  +  4-29 p«)  nearly... (2  a.) 

The  column  h  gives  the  quantity  of  heat  in  foot-pounds  required 
to  raise  one  pound  of  liquid  water  from  32°  to  a  given  temperature; 
the  increase  of  the  specnfic  heat  of  liquid  water  with  temperature 
being  taken  into  account;  but  in  most  practical  cases  it  is  suffi- 
ciently accurate  to  use  the  formula 


^  =  772(T-32°). 


.(3.) 


297.  BAdMicy  •£  flceam-Ctaui  BzpaiUUiNI  wUkMt  Gala  wr  1.9m  •€ 
Heat. — ^In  fig.  114,  let  A  B  represent  v^,  the  volume  occupied  by 
one  pound  of  steam-gas  when 
first  admitted  into  the  cylinder 
of  an  engine  at  the  pressure 
/?!  =  O  A.  Let  B  C,  being  an 
''  adiaboHc^^  curve  for  steam  gas, 
represent  by  its  co-ordinates  the 
fall  of  pressure  and  increase  of 
volume  of  that  fluid  as  it  ex- 
pands. Let  D  C  ^  v^  =£3 
represent  the  volume,  and  O  D 
=  p^  the  pressure,  at  the  end  of 
the  expansion,  which  is  assumed 


Fig.  114. 


not  to  be  carried  so  £ur  as  to  cause  any  appreciable  liquefaction  of 
the  steam. 

Let  O  F  =  7?j  represent  the  mean  back  pressure.  The  probable 
value  of  this  in  a  proposed  superheated  steam  engine  may  be 
estimated  as  follows : — Let  the  ordinary  back  pressure  in  a  dry 
saturated  steam  engine  working  at  the  same  speed  with  the  same 
ratio  of  expansion  be  denoted  hy 

p'+p": 

p'  being  the  pressure  of  condensation,  and  p"  the  additional  pres- 
sure. Let  Tj  be  the  absolute  boiling  paint  corresponding  to  the 
initial  pressure  pj,  and  t'j  the  actual  absolute  temperature  of  the 
steam  admitted.     Then  the  steam-gas  employed  is  less  dense  than 


432 
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saturated  steam  of  the  same  pressure  in  a  proportion  which  may  be 

expressed  accurately  enough  for  the  present  purpose  by  7^;  so  that 

according  to  a  piinciple  stated  in  Article  280,  the  probable  back 
pressure  in  the  superheated  steam  engine  will  be 


Pz=p'+:^/ 


.(1.) 


In  most  cases  which  occur  in  practice,  we  may  put  />'  =  1  lb.  on 
the  square  inch,  and  />"  =  3  lb&  on  the  square  inch ;  so  that 


;?8  ==  1  +  3  "T  in  pounds  on  the  square  inch, 


T. 


144  +  432  -^  in  pounds  on  the  square  foot 


.(lA.) 


The  equation  of  the  expansion  curve  BC  may  be  assumed  as 
analogous  to  that  of  the  corresponding  curve  for  air,  viz. ; — 


p  X  »  — y; 


(2.) 


in  which  y  and  other  indices  and  co-efficients  depending  on  it  for 
steam-gas  have  the  values  given  them  in  Article  251,  vizL : — 


y  =  1-304;  y_l  =  0-304; 

1  «.^    _y     =,4.29 

y  —  l 


1 


=  3-: 


'::^^^^0.^ 


-  =  0-767;  ^ — -  =  0-233. 
y  y 


.(3.) 


Hence,  by  an  investigation  similar  to  that  in  Article  279,  Method 
II.,  is  found  the  following  expression  for  the  energy  exerted  on  the 
piston  by  one  pound  of  steam-gas : — 


Area  A  B  C  E  P  A  =  U  =  ( j»«  —  pg)  r  t?i 
=  Pi  ^1  (4-29  —  3-29  r  -^)  —  p^r  v^... 


.(4.) 


To  facilitate  the  use  of  this  equation,  a  series  of  values  of  the 
two  following  ratios  and  their  reciprocals  are  given  in  Table  X.  at 
the  end  of  this  section : — 


Pi 


-(MO*. 


.(5.) 
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^= 4-29  r~*- 3-29  r-'"**; (5  a.) 

Pi 

in  which  Table  intermediate  values  of  any  ratio  can  be  interpolated 
as  in  Tables  VIL  and  VIII.,  already  explained.  The  following, 
then,  is  the  set  of  formnke  to  be  employed  in  computing  approxi- 
mately the  probable  power  and  efficiency  of  superheated  steam 
engines,  according  to  i^ie  provisional  theoiy  here  adopted : — 

Data. 

Initial  pressurej  p^. 

IrvUial  absoliUe  teTn/peratmVy  r\  =  T'^  +  461"'2  Fahrenheit. 

jRcUio  of  eoopcmsion,  r, 

Meom  hack  pressu/re,  p^  known  directly  by  experiment,  oi 
estimated  by  the  formula  1  a;  the  absolute  boiling  point,  r^,  being 
found  by  known  formulae  or  tables. 

Absolute  teTnperaiure  of  feed  water,  ''4  =  T4  +  461** '2. 

Temper/Umre  of  condematlon,  Tg. 

Tempefralmre  of  oitmospherey  T^ 

Resui^kl 

p^  Vj  found  from  T^,  by  equation  1  of  Article  296,  or  by  Table 
IX. ;  being  the  gross  energy  exerted  by  the  steam  on  the  piston 
during  its  admission. 

Initial  and  final  vclumea  ofofM  pound  ofsteaaa — 

^i-P\'*>i^Pi'>  <'2  =  »'^i (6.) 

-^,  and  — ,  found  by  the  equations  5,  5  A,  or  by  Table  X. 

Energy  exefied  per  pound  of  steam;  found  by  equation  4,  or  by 
the  formula — 


Meam,  effectiw  presswre — 


^^-^'Pi'o.—rp^v^', (7.) 

Pi. 


P--P«  =  r^  =  ^'^-^« <®-) 

Heal  expended  per  pound  ofsteam,  in  foot-pounds — 

J  =  842872  +  366-7  (r,  —  32**)  —  772  (T^  —  32**),.. .(9.) 

or  ||  =  H,  — A,; (9  a.) 

H^  and  h^  being  found  by  means  of  Table  IX. 

2f 
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Fre88ure  equwaleni  to  heat  expended — 
Efficiency  of  eteam — 


P.  =  ^ (10) 


^V^«=? (11) 

Net  feed  water  per  cubic  foot  ewept  through  by  piston — 

— (12.) 

rvi 

Heat  rejected  per  pofmd  ofBbeam — 

i-TJ (13.) 

Heat  rejected  per  ciMc  foot  swept  through  bypiMon— 

6^; (H.) 

rvi 
Net  condenaatum  water — 

heat  refected  /i  ^  \ 

=  772(T5  — Te) ^    '^ 

Available  heat  expended  per  indicated  horse-power  per  hour — 

1980000  :| (16.) 

In  the  following  example  (which  is  ideal) ,  the  engines  are 
supposed  to  be  the  same  with  those  already  employed  as  Example 
I.  in  Article  289 ;  and  the  principal  question  to  be  solved  by  the 
calculation  is,  what  would  be  the  probable  increase  of  efficiency  and 
saving  of  fuel  if  the  steam,  being  admitted  at  the  same  mean 
pressure  of  34  lbs.  on  the  square  inch,  and  cut  off  at  the  same  mean 
effective  fraction  of  its  final  volume,  0*2,  were  superheated  so  as  to 
be  admitted  at  the  temperature  T^i  =  428^,  innt^  of  its  present 
mean  temperature  of  admission,  which  is  about  257^°. 

Data. 

j9i  =  34X  144=  4896; 

^^1  =  428 +  461 '2  =889-2. 
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719 
P3=  144  -+  432  •  —^  =  493  lbs.  on  the  square  foot, 

00*7 

(or  3-43  lbs.  on  the  square  inch). 
T^=104. 

Kesults. 
Pi  Vi,  by  Table  IX.,  75976  foot-pounds 

^'i  =  "i^TTS"  =  15-52  cubic  feet 
4oyo 

t?2  =  r  Vi  =  5  X  15-52  =  77*6  cubic  feet 

By  Table  X.—         ^  =  2-28;  ^=  -456. 
Pi  Pi 

Energy  per  pound  of  steam — 

U  =  2-28  X  75976  -  493  x  77-6 

=  173225  -  38257  =  134968  foot-pounds. 

Metm  efectvoe  pressure — 

p»-'Pi=  '456  X  4896 - 493  =  1740  lbs.  on  the  square  foot, 

=  1208  lbs.  on  the  square  inch. 

HeaJt  expended  per  p(ywnd  of  steams — 

J  =  988085  -  55612  =  932473. 

Prtemurt  equiwderU  to  heat  expended — 

932473 
Pk,  =  -pfij-^  =  12016  lbs.  on  the  square  foot 

=  83*44  lbs.  on  the  square  inch. 
Efficiency  of  steam — 

134968     1740     12-08 
932473  "  12016  ~  83-44  ""^^ 

being  superior  to  the  efficiency  with  diy  saturated  steam,  as  com- 
puted in  Article  289,  Example  I.,  in  the  ratio 
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The  available  heat  expended  per  indicated  horse-power  per  hour 
would  be 

Q^ll   =  13655000  foot-pounds ; 

and  supposing,  as  in  some  previous  examples,  the  available  heat  of 
combustion  of  one  pound  of  the  coal  employed  to  be 

5400000  foot-pounds, 

the  consumption  of  coal  per  indicated  horse-power  per  hour  would 
be 

13655000 

MOOOOO-^^^^^^ 

which,  being  subtracted  from  the  actual  consumption,  2*97,  shows 
a  saving  of  0*44  lb.,  or  about  15  per  cent. 

This  is  less  than  the  saving  which  has  usually  been  fonnd  by 
experiment  to  result  from  superheating;  the  reason  probably  being, 
that  in  the  preceding  calculation  no  account  is  taken  of  the  in- 
creased efficiency  o/tkefiMmace,  owing  to  the  superheating  apparatus 
taking  up  heat  which  would  otherwise  have  been  wasted. 

To  estimate  the  probable  effect  of  this  cause  in  giving  increased 
economy,  let  us  make  the  supposition  (which  appears  to  have  been 
nearly  realized  in  some  cases),  that  the  u^iole  of  the  superheating  is 
effected  by  heat  which  would  otherwise  have  been  wasted. 

Foot-lbs. 
Then  the  heat  required  to  produce  1  lb.  of  saturated 
steam  at  34  lbs.  on  the  square  inch,  from  water  at 

104°  being. 840,000 

and  the  heat  required  to  produce  1  lb.  of  superheated 
steam  at  428°  Fahrenheit,  from  water  at  104° 
being,  as  computed  before, 93^9473 

the  difference, 9^A73 

is  to  be  considered,  according  to  the  supposition  made,  as  heat 
saved  by  the  superheating  apparatus;  so  that  the  efficiency  of  the 
furnace  is  increased  in  the  ratio 

932473      --.         , 
gj^5^  =  Ml  nearly; 

and  the  available  heat  of  combustion  of  the  coal,  instead  of 
5,400,000,  becomes, 


SUPERHEATED  8TEAM  EKOINES.  437 

5,400,000  X  Ml  =  6,000,000  foot-lbs. 

giving  as  the  probable  consumption  of  coal  per  indicated  horse- 
power per  hour, 

13655000 
6000000-^^^*^' 

which,  being  subtracted  from 2*97 


shows  a  saving  of. 0*69  lb. 

or  about  23  per  cent  This  agrees  very  nearly  with  the  general 
results  of  practice. 

298.   BAdencr  9f  Buaum-Gmu  Bzpaaditaic  at  Coaatwil   Twpgra- 

tave. — ^If  the  temperature  of  steam-gas  be  maintained  constant 
during  its  expansion,  by  means  of  a  flue  round  the  cylinder,  or 
otherwise,  its  action  is  represented  approximately  by  making  the 
curve  B  C,  fig.  114,  a  common  hyperbola,  so  that 

1 

ooc  -. 

V 

In  this  case,  the  principal  formuke  are  the  following: — 
Efi/orgy  eaoerted  hy  Xlh,  ofatea/tn 

=  area  ABCEFA 

=  U  =  (;?, -^5) r t>i  =pi Vi (1  +  hyp logr) - ;?8 ^ ^'i   -0) 

!:|?  =  l  +  hyplogr; (2.) 

Pi 

g,^l+hyplogr 

Pi  r  ^       ' 

A  series  of  values  of  these  ratios,  and  of  their  reciprocals,  is  given 
in  Table  XL  at  the  end  of  this  section. 

The  heat  ea^i)ended  per  pound  o/eteam  consists  of  the  taUd  heal  of 
gaa^icalion,from  T^  the  temperature  of  the  feed  water,  to  T'j,  the 
temperature  of  the  steam-gas,  as  already  computed  in  Articles  296 
and  297,  and  given  by  the  aid  of  Table  IX.,  and  of  the  latent  heat 
of  expansion  which  the  steam  receives  to  maintain  its  temperature 
constant  in  the  cylinder,  and  whose  value  is 

Pi  t^i  hyp  log  r  =  85-44  t\  hyp  log  r  =  ;?>i  •  (l^  -  l); (3.) 
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heuce^  denoting  the  whole  expenditure  of  heat  per  lb.  of  steam  bj  % 

=  842872  +  366-7  {T^  -  32°)  -  772  (T^  -  32°) 
+  85-44  hyp  log  r  (T^  +  46r-2) 

=  662016  +p^  v^  ^3-29+^^)  - 772  (T4-32°).....(4.) 

To  illustrate  this  mode  of  employing  steam-gas^  let  the  data 
taken  be  the  same  as  in  the  example  of  Article  297 ;  that  is,  let 

1^  =  34x144  =  4896; 

/i  =  889-2  =  438° +  461 -2; 

r  =  5; 

^3  =  493; 

T^  =  104°. 

Hesults. 

;?ji?j  =  75976;  f7i=r  15-52;  rVi  =  77-6;  as  before. 

By  Table  XL,        '■^-  =  2-61 ;  ?-*-  =  -522. 
Pi  Pi 

Energy  per  lb.  of  steam — 

U  =  2-61x75976  ^493x77-6 

=  198297  -  38257  =  160040  foot-lbs. 

Mecm  ^ecHve  pressure — 

p^-p^  =  '522  X  4896 - 493  =  2063  lbs.  on  the  square  foot 

=  14-38  lbs.  on  the  square  inch. 

Heat  expendedper  lb.  ofM,eam — 

5  =  988085  -55612  +  75976  x  1-61 

=  932473  +  122321  =  1054794  foot-lbs. 

Fresswre  equivalent  to  that  Jieat — 

1054794 
Pk  =     „„^r» —  =  13593  lbs.  on  the  square  foot 

=  94*4  lbs.  on  the  square  inch. 
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EfficMMy  1^  fteam — 

160040  _  2063        14-33 
1054794  ■"  13593  ""  94-4    —  ' 

being  superior  to  the  efficiency  irith  diy  saturated  steam  in  the 
ratio 

Ji|=  1-236  :ln«.ly. 

The  available  heat  expended,  per  indicated  horse-power  per  hour, 
would  be  in  this  case 

^????|?=:  13,000,000  fbot-lU 

If  the  efficiency  of  the  furnace,  as  in  the  second  mode  of  treating 
the  example  in  Article  297,  be  supposed  to  be  such  that  the  avail- 
able heat  of  combustion  of  1  lb.  of  coal  is 

6,000,000  foot-lbs., 

the  probable  consumption  of  coal  in  the  engine  now  under  con- 
sideration, per  indicated  horse-power  per  hour,  is  found  to  be 

^3000000  =  2-17  lbs. 
6000000 

which  being  subtracted  from  the  \ 
actual  consumption  with  diy  V  2*97 
saturated  steam, j 

shows  a  saving  of. 0*80  lb. 

or  27  per  cent. 


— The  '' regenerative  steam  engine'*  of  Mr.  C.  W.  Siemens,  is  one 
which  so  far  agrees  with  the  description  in  the  last  Article,  that 
superheated  steam  works  expansively  in  it  at  a  temperature  main- 
tained nearly  constant  by  placing  the  cylinder  over  a  fumaoe;  but 
the  steam  on  its  way  to  and  from  the  spaoe  below  the  plunger  of 
that  cylinder,  traverses  a  "regenerator"  nearly  resembling  that  of 
Stirling's  air  engine  (see  Article  275),  the  effect  of  which  is,  that 
the  whole,  or  nearly  the  whole,  of  the  heat  employed  to  raise  the 
temperature  of  the  steam  above  the  boiling  point  oorresponding  to 
its  pressure,  is  obtained  at  each  stroke  from  the  regenerator,  in 
which  that  heat  has  previously  been  stored  by  steamleaving  the 
hot  end  of  the  cylinder. 
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The  whole  of  the  formtds  of  the  Article  298  are  made  applicable 
to  this  case,  by  edmply  taking  for  the  value  of  H^,  the  total  heaJt  of 
evaporation  of  I  lb,  o/stecMn  a/t  the  boiling  point  t^,  corresponding  to 
its  pressure,  as  given  bj  Table  YI.  at  the  end  of  the  volume, 
instead  of  the  total  heat  of  gasefication  at  the  working  temperature 
I'y  Suppose,  for  example,  that  the  data  are  the  same  as  in  the 
last  Article.  Then  the  total  heat  of  evaporation  of  steam  at  34 
lbs.  on  the  square  inch,  the  feed  water  being  at  104°,  as  computed 
for  Table  VL,  is Hi  —h^  =  840000  foot-lbs., 

the  latent  heat  of  expan-  \^  „  (rp^      iS  _  i ooqoi 
sion,  as  in  Article  298,..  /  P^  ^»  y^^ V  =  ^^^'^^^ 

and  the  heat  expended  per  lb.  of  steam  ^ =  962321  foot-lbs. 

Also,  the  enei^  exerted  by  1  lb.  of  steam,  being,  as  in  Article 
298, 

U  =  160040  foot-lb&, 

the  efficiency  ofih/e  steam  is 

160040_ 

consequently,  the  available  heat  expended  per  indicated  horse- 
power per  hour  is 

^^^T^  =  11,930,000  foot-  lbs.  neai'ly. 

Taking  the  same  estimate  of  the  available  heat  of  combustion  of  1 
lb.  of  coal,  as  in  Article  298,  this  would  give  for  the  consumption 
of  coal  per  indicated  horse-power  per  hour 

11,930,000  _ 
6,000,000  -  ^  ^^  ^*'* 

The  efficiency  of  this  engine  is  capable  of  being  greatly  increased 
by  working  at  a  high  temperature;  for  while  the  eneigy  exerted 
by  the  steam  increases  nearly  as  the  absolute  temperature,  it  is 
only  the  latent  heat  of  expansion  which  increases  in  the  same  pro- 
portion: the  total  heat  of  evaporation  remaining  constant  if  the 
pressure  is  constant.  Mr.  Siemens  states,  that  in  some  of  his 
experiments  with  this  engine,  the  consumption  of  fuel  was  only 
1-5  lb.  per  indicated  horse-power  per  hour. 

The  heating  apparatiis  described  at  the  end  of  Article  275, 
might  probably  be  applied  to  this  engine  with  advantage. 
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DL 
Table  of  Elasticity  and  Total  Heat  op  One  Pound  of 

SrEAM-GAa 
T  pv  B.  h 


32** 

50 

42140  

43^578 

842872  

849473 

0 

13896 

68 

45216 

856073 

27792 

86 

46754 

862674 

41702 

104 

48292 

869274 

55612 

122 

49830 

875875  

69522 

140 

51368 

882476 

83459 

158 

52906 

889076 

97411 

176 

54444 

895677 

111363 

194 

55982 

902277 

125357 

212 

57520 

908878  

139363 

230 

59058 

915479 

248 

60596 

922079 

266 

62134 

928680 

284 

63672 

935280 

302 

65210 

941881 

320 

66748 

948482 

338 

68286 

955082 

356 

69824 

961683 

374 

71362 

968283 

392 

72900 

974884 

410 

74438 

981485 

428 

75976 

988085 

446 

77514 

994686 

464 

79052 

1001286 

482 

80590 

1007887 

500 

82128 

1014488 

518 

83666 

I 02 I 088 

536 

85204 

1027689 

554 

86742 

1034289 

572 

88280 

1040890 

Explanation. 

T,  temperature  on  Fahrenheit's  scale. 

p  V,  product  of  the  pressure  in  pounds  on  the  square  foot,  and  yolume 
in  cubic  feet,  of  one  pound  of  steam  in  the  perfectly  gaseous  condition,  or 


H,  total  heat,  in  foot-pounds  of  energy,  required  to  conyert  one  pound 
of  water  at  82^  into  steam-eas  at  T^,  under  any  constant  pressure. 

A,  heat,  in  foot-pounds  of  enei^,  required  to  raise  the  temperature  of 
one  pound  of  water  from  32''  to  T^. 
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X 

Table 

OF  Appbozhiatb  Ratios  bob 

Stbak-oas 

VOBKIHG 

EzPAireiTELT. 

1" 

J. 

rPm 

Pi 

Pi 

Pm 

r 

Pi 

rpm 

Pm 

Pi 

ao 

•05 

3-97 

•337 

6-74 

•148 

I3i 

•075 

3-8o 

•357 

4-76 

•3 10 

lO 

•1 

2-66 

■376 

376 

•366 

8 

■125 

356 

•391 

3-13 

•320 

61 

•15 

845 

•408 

2-73 

.367 

5 

•a 

3-38 

•439 

2 '20 

•456 

4 

•35 

3-13 

•469 

1-88 

■       -533 

3i 

•3 

2*01 

•498 

1-66 

•603 

a; 

•35 

1-90 

•536 

1-50 

•665 

3i 

•4 

I -So 

•55« 

^•39 

730 

n 

•45 

171 

•585 

1-30 

770 

3 

•5 

1-63 

•613 

123 

•815 

I* 

•55 

^•55 

•645 

I-I7 

•853 

1} 

•6 

1-47 

•680 

1-13 

•882 

lA 

•65 

1-40 

•714 

I"IO 

•910 

I* 

•7 

134 

746 

1-07 

•938 

H 

•75 

1-28 

•781 

104 

•960 

li 

•8 

I '23 

■830 

1-035 

•976 

I* 

•85 

116 

•862 

I-0I4 

•986 

li 

•9 

ITO 

.909 

I-OI 

•990 

EXPLAKATIOV. 

r,  ratio  of  expansion. 

-,  real  cat-off 

p^,  absolute  pressure  of  admissioiL 
p^  mean  absolute  pressure. 

— "^9  ratio  of  whole  gross  woik  of  steam  on  piston  to  gross  work 

during  admission. 

—  ,  ratio  of  gross  work  during  admission  to  whole  gross  work. 
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XI. 


Table  of  Afproumatb  Ratios  for  Pebfegt  Gases  working 

EXFAKSIYELT  AT  CONSTANT  TSHPERATURE. 


f 

1 

tp. 

Pi 

H. 

in. 

r 

Pi 

rPm 

Pm 

Pi 

20 

•05 

4'oo 

•250 

5-00 

•?oo 

m 

•075 

3^S9 

•279 

372 

•269 

10 

•I 

330 

•303 

3-03 

•330 

8 

•125 

3*o8 

•325 

2  "60 

•385 

6* 

•15 

2'pO 

•345 

2-30 

•435 

5 

•2 

2-6i 

•383 

1-92 

522 

4 

•25 

2-39 

•419 

1-68 

•596 

3* 

•3 

2-20 

•454 

I -51 

•661 

2» 

.35 

2-05 

•488 

.     1-39 

•717 

H 

•4 

1-91 

•523 

1-31 

•765 

n 

■45 

180 

•556 

124 

•809 

2 

•5 

I '69 

•591 

118 

■846 

»A 

55 

I '60 

•626 

114 

•878 

H 

•6 

i^Si 

•662 

I'lO 

•906 

^V 

•65 

143 

•699 

1-07 

•929 

^ 

•7 

1-36 

•737 

105 

•950 

H 

•76 

1-29 

•777 

1-04 

•9<>5 

'i 

•8 

1-22 

•818 

1-02 

•978 

ItV 

•85 

116 

•860 

l-OI 

•989 

H 

•9 

I'll 

•905 

I-OI 

•995 

EXPLAKATION. 

r,  ratio  of  expansion. 

-,  real  cut-o£ 

/>P  absolute  preEsnie 

of  admiBsion. 

p^,  mean 

absolute  pressure. 

T  © 

—^f  ratio  of  whole  gross  work  of  gas  on  piston  to  gross  work 
during  admission. 

-^j  ratio  of  gross  work  during  admission  to  whole  gross  work. 
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Section  7. — Of  Binary  Tapwur  Enginea, 

300.  Ctoneral  DcMriplton  •€  the  Blmurr  TapMff  Bagincu — ^This 
engine  (sometimes  called  the  "combined  vapour  engine"),  the 
invention  of  M.  Prospdre- Vincent  du  Trembley,  is  driven  by  the 
combined  action  of  two  different  fluids,  a  less  and  a  more  vohitile, 
in  two  separate  cylinders.  The  less  volatile  fluid  is  evaporated  in 
a  boiler,  and  drives  the  piston  of  its  cylinder,  in  the  usual  way. 
On  being  discharged,  it  is  passed  vertically  downwards  through  a 
set  of  small  tubes,  contained  within  a  cylindrical  vessel;  this 
apparatus  is  at  once  the  condenser  for  the  less  volatile  fluid,  and 
the  evaporator  for  the  more  volatile  fluid;  for  the  less  volatile  fluid, 
passing  downwards  through  the  tubes,  is  liquefied,  and  gives  out  its 
heat  to  the  more  volatile  fluid,  which  ascends  in  the  space  sur- 
rounding the  tubes,  and  reaches  the  top  of  the  vessel  in  the  state 
of  vapour.  This  vapour  drives  the  piston  of  a  second  cylinder, 
during  the  return  stroke  of  which  it  is  expelled  into  a  second 
surfieu^  condenser,  consisting  also  of  a  number  of  small  vertical 
tubes;  the  vapour  passes  downwards  through  these  tubes,  which 
are  surround^  by  a  copious  stream  of  cold  water;  this  abstracts 
heat  from  the  vapour,  and  causes  it  to  be  condensed,  and  the  liquid 
thus  produced  is  pumped  back  into  the  evaporating  vessel  to  per- 
form its  work  over  again. 

The  less  volatile  fluid  is  always  water;  for  the  more  volatile, 
ffither  is  usually  employed :  chloroform  has  also  been  tried ;  and 
bisulphuret  of  carbon  has  been  recommended  on  account  of  its 
abundance  and  cheapness.  All  these  fluids,  when  breathed  in  the 
vaporous  state,  are  stupefying,  and  in  large  quantities  poisonous ; 
sether  is  highly  inflammable;  aether  and  chloroform  are  veiy  costly; 
and  sulphuret  of  carbon,  even  when  it  escapes  in  quantities  &r 
too  smaQ  to  be  stupefying,  causes  a  most  disgusting  and  insup- 
portable stench.  It  is,  therefore,  necessary  that  extraordinary  care 
should  be  bestowed  upon  making  the  joints  of  that  part  of  the 
apparatus  which  contains  the  more  volatile  fluid  perfectly  tight, 
so  that  no  perceptible  portion  of  it  shall  escape.  This  appears 
to  have  been  accomplished  with  great  success  by  M.  du  Trem- 
bley,  in  his  steam  and  aether  engines,  by  which  several  ships  are 
propelled. 

Full  and  minute  details  of  the  construction  and  mode  of  working 
of  these  engines  are  given  in  M.  du  Trembley's  work,  entitled, 
Mam,v/d  du  Conductewr  dee  Machinea  h  Vapewra  eornMnees,  ou 
Ma>chine8  Binaires  (Lyons,  1850-51);  and  accounts  of  their  per- 
formance are  contained  in  a  report  by  Mr.  George  Rennie,  published 
in  1852;  in  a  lithographed  report  by  M.  K  Gouin,  on  the  experi- 
mental trip  of  the  ship  "  Br^sil,"  in  1855;  and  in  a  paper  by  Mr. 
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James  W.  Jamieson,  read  to  the  Institution  of  Civil  Engineers  in 
February,  1859. 

301.  ThMrr  •r  the  StMua-and-Atlier  Engine. — In  fig.  115,  let 
A  B  C  E  F  A  represent  the  diagram  of  the  steam  cylinder,  and 
K  L  M  P  Q  K  that  of  the  aether  cylinder. 


Fig.  116. 

Let  j9j  =  O  A  be  the  absolute  pressure  of  the  steam  at  its  admis- 
sion; 

i;^  =  A  B,  the  volume  of  one  lb.  of  it  when  admitted ; 

rVi^DCy  the  volume  to  which  it  expands; 

Let  its  back  pressure  be  indicated  by  the  curve  C  E  F; 

Let  Hj  denote  the  available  heat  expended,  in  foot- lbs.  per  lb.  of 
steam; 

U  =  area  A  B  C  E  F  A,  the  energy  exerted  on  the  piston  by  one 
lb.  of  steam. 

Then  the  ?ieat  rejected  by  each  lb.  of  steam,  and  given  out  through 
the  tubes  of  the  steam-condensing  and  sether-evaporating  apparatus 
to  the  aether,  is  given  by  the  equation 

H2  =  H,-U; (1.) 

and  several  examples  of  the  mode  of  computing  this  quantity  of 
heat  have  been  given  in  the  preceding  sections. 

To  find  what  volume  will  be  filled  with  aether  vapour  by  means 
of  this  heat,  in  the  first  place  must  be  computed  the  expenditure  of 
heat  per  cuJbic  foot  ofcedier  vapowr,  produced  at  the  pressure  under 
which  the  aether  is  evaporated,  which  is  supposed  to  be  given  and 
represented  by  p'l  =r  O  K,  and  is  necessarily  a  pressure  correspond- 
ing to  a  boiling  point  lower  than  the  temperature  at  which  the 
steam  is  condensed.  That  expenditure  of  heat  is  given  by  the 
formula 

L'  +  Jc'D'(T'  — T""), (2.) 

where 

L'  =:  t'  -y^  is  the  latent  heat  of  evaporation  of  one  cubic  foot 
a  T 

of  aether  vapour  under  the  given  pressure,  calculated  by  a  formula 

of  the  kind  given  in  Article  255,  or  by  the  aid  of  Table  V. ; 
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J  d  =z  399*1  fooirlbfl.  per  degree  of  Falirenlieit^  is  the  specMc 
heat  of  liquid  sether; 

D'  is  the  weight  of  one  cubic  foot  of  sether  vapour,  found  by  the 
formula  of  Article  25Q,  or  by  the  aid  of  Table  V. ; 

Y  is  the  temperature  at  which  the  aether  is  evaporated,  and  T*' 
that  at  which  it  is  condensed,  and  returned  to  the  evaporating 
apparatus. 

The  value  of  the  expression  2  having  been  computed,  the  initial 
volume,  represented  by  K  L  in  the  figure,  of  the  sether  evaporated 
per  lb.  of  steam  condensed,  is  found  by  means  of  the  equation 

-Q 

'*'  =  ^^=L'  +  J(/D'(T'-r') ^^'^ 

Let  p"  =  O  N  denote  the  intended  final  pressure  of  the  sether 
vapour,  at  the  end  of  its  expansion,  and  p"^  its  mean  back  pressure, 
which  appears  to  be  about  5  lbs.  on  the  square  inch.  Then  from 
the  data,  p',  p",  p"' ,  T'",  by  means  of  the  formula  of  Articles  281 
and  284,  substituting  only  the  constants  which  apply  to  sether  for 
those  which  apply  to  steam,  and  using  Table  Y.  instead  of  Table 
rV.,  may  be  computed —  

The  ratio  of  expansion /,  and  thence  the  final  volume  MN  =  r' u' 
of  the  sether  evaporated  per  lb.  of  steam; 

The  energy  exerted  by  that  sether,  represented  by  the  area 
KLMQK  =  U'. 

The  ratio 

ffN      /«'  ,.  . 

•  = (4.) 

DC      ^t?i  ^   ^ 

is  that  of  the  volume  of  the  sether  cylinder  to  the  volume  of  the 
steam  cylinder.  In  practice,  those  <^linders  are  either  of  equal 
size,  or  the  sether  cylinder  is  somewhat  the  larger. 

The  heat  per  lb.  of  steam  to  be  abstracted  by  the  cold  water 
which  circulates  in  the  sether  condenser,  is  given  by  the  expression 

Hj  —  U  —  TJ' (5.) 

The  mean  effective  pressures  in  the  steam  cylinder  and  sether 
cylinder  respectively,  are 

r^,^^/^ ^^•> 

It  is  certain  that  the  same  amount  of  additional  energy,  which 
is  obtained  by  the  addition  of  the  sether  engine  to  the  steam  ^ogine, 
might  also  be  obtained  by  continuing  the  expansion  of  the  steam 
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sufficiently  hx,  as  represented  by  the  line  0  H  G,  provided  a  suffi- 
ciently low  back  pressure  could  be  insured;  but  this  might  require 
in  some  cases  a  cylinder  so  large,  as  to  be  more  costly  than  the 
binaiy  engine. 

The  addition  of  an  sether  engine  appears  to  be  an  excellent  means 
of  improving  the  efficiency  and  economy  of  an  existing  steam  engine. 

302.  Enuaple  •f  BmbIis  mf  BzperiaieMB. — The  following  quan- 
tities are  mecmsy  computed  from  a  long  series  of  experimental  results 
given  in  M.  Gouin's  report  already  mentioned,  on  the  performance 
of  the  steam  and  other  engines  of  the  "  Br^sil :" — 

PrESSUBES  in  LB8.  OV  THB  SQUABB  IHCH. 

In  boiler  or  Back  Mean 

evaporator.  presBiue.  eftctive. 

Steam, 43*2  7*6  ii'6 

^3Bther, 312  53  71 

Total  mean  effective  pressure  reduced  to  the  area 
of  one  pistofhy  the  areas  and  strokes  of  the  steam 
and  eether  pistons  having  been  in  tins  case  the 
same,...^ i8'7 

It  thus  appears,  that  the  proportions  of  the  indicated  power  of 
the  engine  obtained  in  the  steam  and  eether  cylinders  respectively, 
were 

1 1  'fi 
In  the  steam  cylinder,  ^irs  :=  '62 ; 

71 

In  the  aether  cylinder,  =-^  =:  '38. 

The  gain  of  power,  however,  by  the  addition  of  the  «ther  engine, 
is  not  quite  so  great  as  this  calculation  shows;  because,  had  the 
steam  cylinder  been  used  alone,  the  back  pressure  would  have  been 
in  all  probability  about  3  lbs.  on  the  square  inch  less;  that  is, 
about  4*6  instead  of  7*6;  so  that  the  mean  effective  pressure  in  the 
steam  cylinder  would  have  been  14*6  instead  of  11*6;  and  the  pro- 
portion borne  by  the  power  of  the  steam  engine  alone  to  that  of 
the  binary  engine  would  have  been 

14;6_ 

i8*7  ""  ^  ' 
leaving 

l-OO— -77=  -23 

of  the  whole  power  of  the  binaiy  engine,  as  the  real  gain  due  to  the 
aether  engine. 
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The  consumption  of  fuel,  according  to  M.  Gouin's  report,  was 
either 

2'8    ) 
r  2-44  I  ^^  ^^  ^^^  ^^  indicated  horse-power  per  hour, 

according  as  certain  experiments  made  under  peculiarlj  adyerse 
circumstances  were  included  or  excluded. 

The  binary  engine  is  not  more  economical  than  steam  engines 
designed  with  due  regard  to  economy  of  fuel ;  but  by  the  addition 
of  an  sether  engine,  a  wasteful  steam  engine  may  be  converted  into 
an  economical  binary  engine. 
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CHAPTER  IV. 

OF  FUBNACE8  AND  B0ILBB8. 

SKcnoK  Iw— Of  Bourn's  and  Fv/rwhces  in  gmi/eral. 


303.  CtoMffsl  AnnuceMMito  mi  FanuMe  mmA  B«ll«r. — The  usual 
relatiye  anangementB  or  positions  of  the  furnace  and  boiler  of  a 
steam  engine  may  be  divided  into  three  principal  classes ;  as 
follows : — 

I.  In  the  EztenAl  FanuMe  Belter*  the  furnace  or  fire-chamber  is 
wholly  outside  of,  and  partly  in  contact  with,  the  water  vessel  or 
boiler ;  so  that  the  boiler  forms  part  of  the  boundary  of  the  fiimace 
(generally  the  top).  The  other  boundaries  of  the  furnace  are 
usually  built  of  firo-brick.  As  to  the  thickness  required  to  prevent 
loss  by  radiation,  see  Article  228.  Examples  of  this  are — ^the  old 
haynstack  boiler  and  wagon  boiler,  the  plain  cylindrical  boiler, 
without  internal  flues,  and  some  boilers,  such  as  Gumey's,  Perkins's, 
and  Craddock's,  in  which  the  water  and  steam  are  contained  in 
tubes  surrounded  by  the  flame. 

II.  In  the  iHtcnud-Fnnuice  ■•Ucr^  the  fire-chamber  is  enclosed 
within  the  boiler.  Examples  of  this  are— the  boilers  now  most 
common  in  land  engines,  with  one  or  more  furnaces  contained  in 
horizontal  cylindri(»d  int^nial  flues  ;  most  marine  boilers ;  and  all 
locomotive  boilers. 

IIL  The  BettMhedl  FanuMe  or  Ovea  is  a  fire-chamber  built  of 
brick,  in  which  the  combustion  is  completed  before  the  hot  gas 
comes  in  contact  with  any  part  of  the  boiler.  This  has  b^n 
already  referred  to  in  Artide  230,  page  283. 

304.  The  Piteclpal  Pam  wmA  AppmdhiCM  •£  a  Fanmce  are — 

L  The  furnace  proper,  or  fir&hox,  being  the  space  where  the 
solid  constituents  of  the  fuel,  and  the  whole  or  part  of  its  gaseous 
constituents,  are  burned. 

IL  The  grate,  being  that  part  of  the  bottom  of  the  furnace 
proper  which  is  composed  of  alternate  bars  and  spaces,  to  support 
the  fuel  and  admit  air. 

III.  The  hearth  is  a  floor  of  fire-brick,  on  which,  instead  of  on 
a  grate,  the  fuel  is  burned  in  some  furnaces. 

IV.  The  dead  plate,  or  dumb  plate,  being  that  part  of  the  bottom 
of  the  furnace  proper  which  consists  of  an  iron  plate,  without  bars 
and  spaces. 

2g 
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Y.  The  nKyuthrpiece,  being  the  passage  through  which  faeL  is 
introduced,  and  sometimes  also  air.  The  bottom  of  the  mouth- 
piece is  a  dead  plate.  In  many  furnaces  there  is  a  mere  doorway, 
and  no  mouth-piece. 

VI.  The  fire-door,  which  closes  the  mouth-piece  or  doorway, 
and  which  may  or  may  not  have  openings  and  yidves  in  it  to  admit 
air.  Sometimes  the  duty  of  a  fire  door  is  performed  by  a  heap  of 
dross  closing  up  the  mouth-piece. 

VII.  The  fwrnace-frorUy  aboye  and  on  either  side  of  the  fire 
door. 

VIII.  The  ashrjnjt,  being  the  space  below  the  grate  into  which 
the  ashes  fall,  and  through  which,  in  most  cases,  the  greater  part 
of  the  supply  of  air  is  admitted. 

IX.  llie  ash-pU  door,  used  in  some  furnaces  to  r^;ulate  the 
admission  of  air  through  the  ash-pit 

X.  The  bridge,  being  a  low  yertical  partition  at  one  end  of  the 
furnace  (usually  the  back)  oyer  which  the  flame  passes  on  its  way 
to  the  flues  or  chimney.  This  is  what  is  meant  when  "the 
bridge  "  is  spoken  of  without  qualification ;  but  the  word  bridge  is 
also  applied  to  any  low  partition  haying  a  paasage  for  flame  or  hot 
gas  aboye  it.  Bridges  are  usually  built  of  fire-brick;  but  they  are 
also  sometimes  made  of  plate  iron,  and  hollow,  so  as  to  contain 
water  within,  and  form  part  of  the  water  space  of  the  boiler — they 
are  then  called  "  tDcUer  bridges,'^  The  top  of  a  water  bridge  ought 
to  slope  or  curye  upwards  towards  the  ends,  to  admit  of  the  rapid 
escape  of  the  bubbles  of  steam  which  form  on  its  internal  surfistce. 
Sometimes  a  water  bridge  projects  downwards  from  a  part  of  the 
boiler  aboye  the  furnace,  leaying  a  passage  below  for  flame—it  is 
then  called  a  "  hanging  bridge,'*  A  water  bridge  with  passages  for 
flame,  both  aboye  and  below,  is  called  a  "  mid-feather,*' 

XI.  The  flame  chamber,  being  the  space  immediately  behind  the 
bridge  in  which  the  combustion  of  the  inflammable  gases  that  pass 
over  the  bridge  is  or  ought  to  be  completed.  It  has  often  a  floor 
of  fire-brick,  called  the  flame  bed;  and  is  sometimes  lined  with 
fire-brick  to  prevent  the  cooling  and  extinction  of  the  flame,  and 
sometimes,  for  the  same  purpose,  filled  with  fire  clay  tiles,  made  of 
a  horse-shoe  form  in  section,  to  admit  of  the  circulation  of  the  gases. 

XII.  Air  parages,  of  various  constructions  and  in  various  situa- 
tions, and  with  or  without  valves,  to  admit  air  for  the  combustion 
of  the  fuel,  whether  forced  in  by  atmospheric  pressure  or  by  a 
blowing  machine. 

XIII.  Flues,  being  passages  traversed  by  the  hot  gas  on  its  way 
fi-om  the  fire  to  the  chimney.  These  are  sometimes  external,  being 
in  contact  with  the  outside  of  the  boiler,  and  bounded  externally 
by  brickwork;  and  sometimes  internal,  being  contained  within, 


PA&TS  AND  APPENDAGES  OF  FUBKACE  AND  BOILEB.  451 

and  forming  part  of,  the  boiler.  Internal  flues  of  small  diameter 
are  called  tubes, 

XIY.  Bafflers  or  d^ffasersy  being  partitions  so  placed  afl  to 
improve  the  conyection  of  beat,  by  promoting  the  completeness  of 
the  circulation  of  the  particles  of  hot  gas  over  the  heating  surface 
of  the  boiler.  The  various  bridges  already  mentioned  fidl  under 
this  head,  and  also  the  spiral  blades  for  boiler  tubes  recently 
introduced  by  Messrs.  Duncan  k  Gwynne. 

XV.  The  chimney  (see  Article  233),  at  the  foot  of  which  is 
sometimes  a  chamber  called  the  smoke  box,  or  uptake,  in  which  the 
various  flues  terminate. 

XYI.  JSlomng  apparatusy  used  in  order  to  produce  a  draught, 
whether  by  forcing  air  into  the  furnace  by  means  of  a  &Ji,  or  by 
driving  the  gases  out  of  the  chimney  by  means  of  a  blast  pipe.  8^ 
Article  233. 

XYII.  Dampers,  being  valves  placed  in  the  chimney,  flues,  tubes, 
or  air  passages,  to  regulate  the  draught  and  rate  of  combustion. 

No  one  furnace  possesses  aU  the  parts  and  appendages  above 
enumerated ;  for  some  of  them  are  substitutes  for  others,  and  some 
are  only  employed  in  furnaces  of  particular  kinds. 

305.  The  Princtpia  Pans  and  Anp«ii^Ui«w  •f  »  ■•iter  are--- 

I.  The  sheily  or  external  boundary  of  the  boiler,  for  which  the 
usual  material  is  iron,  although  sheet  copper  is  sometimes  em- 
ployed. The  figures  usually  employed  for  the  shells  of  boilers  are, 
the  spherical,  the  cylindrical,  and  the  plane,  and  combinations  of 
those  three  figures.  The  most  common  figure  at  the  present  day  is 
that  of  a  horizontal  cylinder,  with  flat  or  hemispherical  ends.  In 
some  peculiar  boilers,  the  shell  is  a  vertical  cylinder,  or  a  cluster 
of  vertical  tubes  connected  by  means  of  horizontal  tubes  (as  in  Mr. 
Oraddock's  boiler) ;  or  a  set  of  square  tubes  or  cells  (as  in  Mr. 
J.  M.  Bowan*s  boiler) ;  or  a  single  spiral  tube  (as  in  Mr.  Perkins's 
boiler).  Tubes  which  thus  contain  water  internally  are  called 
water  tubes,  to  distinguish  them  from  tubes  for  transmitting 
furnace  gas.  In  most  locomotive  boilers,  part  of  the  shell  is  a 
rectangular  box,  containing  within  it  another  rectangular  box, 
which  latter  is  the  fire-box.  The  shells  of  ordinary  marine  boilers 
are  of  irregular  shapes,  adapted  to  the  space  in  the  ship  which  they 
are  to  occupy,  and  approximating  more  or  less  to  rectangular 
figures,  rounded  at  the  comers  and  arched  at  the  top. 

II.  The  steam  chest,  or  dome,  being  a  part  of  the  shell  which 
usually  rises  above  the  level  of  the  rest  of  the  boiler,  so  as  to  provide 
a  space  in  which  the  steam,  before  being  conducted  to  the  engine,  may 
deposit  any  particles  of  spray  that  it  may  have  carried  up  from  the 
water.  It  is  usually  cylmdrical,  with  a  hemispherical  or  segmental 
top ;  but  its  form  is  often  varied,  especially  in  marine  boilers.     It 
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iB  adyaatageons  tliat  the  steam  chest  should  be  ixavened  or  sur- 
rounded by  a  flue,  in  order  to  diy  or  slightly  superheat  the  steam^ 
as  explained  in  Article  295,  page  429. 

III.  The  fumaee  or  fir&-box  (in  boilers  with  internal  fuinaoes) 
is  a  chamber  contained  within  the  boiler,  in  such  a  position  as  to  be 
completely  covered  with  water.  In  ordinary  cylindrical  land 
boilers  it  is  usually  cylindrical,  being  at  one  end  of  a  honsontai 
cylindrical  flue :  in  locomotive  boilers  it  is  sometimes  a  vertical 
cylinder,  but  more  frequently  a  rectangular  box.  In  marine  boilers 
it  is  usually  of  a  fig^ore  approaching  to  rectangular,  with  rounded 
comers. 

•  Many  of  the  parts  mentioned  in  the  last  Article  as  belonging  to 
furnaces,  become,  when  the  furnace  is  internal,  parts  of  the  boiler 
also;  for  example,  the  ash-pit,  in  the  cylindrical  internal  furnace 
of  a  horizontal  cylindrical  boiler,  is  simply  the  space  below  the 
grate  within  the  cylindrical  flue  which  contains  the  furnace. 
Water  bridges  have  already  been  described. 

The  principal  biddge  at  the  back  of  an  internal  furnace  is  usually 
of  fire*brick.  Sometimes,  in  order  to  prevent  the  cooling  of  the 
flame  by  contact  with  the  surface  of  a  water  space  before  the  com- 
bustion is  complete,  .the  furnace  is  lined  internally  with  a  fire-brick 
arch ;  and  sometimes  also  an  internal  flame  chamber  (Article  304, 
Division  XI.)  adjoining  the  furnace  is  lined  in  the  same  manner. 

One  boiler  may  contain  one,  two,  or  more  internal  furnaces. 

lY.  IfUemal  flues,  and  internal  tubes,  being  small  intenial  flues, 
have  already  been  mentioned  under  head  XIII.  of  Article  304. 

Y.  A  tuhe-plcUe  is  a  plate  which  forms  sometimes  part  of  the 
shell  of  the  boiler,  and  sometimes  one  side  of  an  internal  fire-box, 
flame  chamber,  or  flue,  and  which  is  perforated  with  holes,  into 
which  the  ends  of  a  set  of  tubes  are  fixed.  Each  set  of  tubes 
requires  a  pair  of  tube-plates,  one  for  each  end  of  the  tubes. 

YL  The  9na9»-Ao2e  is  a  circular  or  oval  orifice  in  any  convenient 
position  on  the  top  of  the  boiler,  large  enough  to  admit  a  man  to 
the  interior  of  the  boiler  to  cleanse  or  repair  it  The  entrance  to 
the  man-hole  usually  consiBts  of  a  short  cylinder  having  a  flange 
surrounding  its  upper  end,  to  which  the  cover  is  bolted,  when  ihe 
cover  opens  outwards.  The  bolts  must  be  capable  of  safely  bearing 
the  pressure  of  the  steam  against  the  cover.  Sometimes  the  cover 
opens  inwards,  and  then  it  is  kept  shut  by  the  pressure  of  the 
steam ;  but  to  prevent  its  being  dislodged  firom  its  seat^  it  is  held 
by  bolts  and  nuts  to  cross  bars  outside  the  man-hole.  The  cover 
should  fit  its  seat  very  acciuately. 

YII.  Mud-holes  are  orifices  at  or  near  the  lowest  part  of  a  boiler, 
which  are  opened  occasionally  for  the  discharge  of  sediment. 

YIII.  The/e0e^  ofpa/nUus,  by  which  water  is  inteoduced  into  the 
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boiler  to  supply  the  place  of  that  which  has  been  discharged  in  the 
state  of  steam  or  otherwise,  is  usually  supplied  by  a  pump  worked 
by  the  engine.  In  marine  and  locomotive  engines,  the  rate  at 
which  feed  water  is  supplied  is  r^^ulated  by  a  cock  under  the  con- 
trol of  the  engineer;  the  surplus  water  which  comes  from  the  feed 
pump  being  discharged  through  a  valve  loaded  with  a  pressure 
greater  than  that  in  the  boiler;  but  in  stationary  boilers,  there  is 
often  a  self-acting  apparatus  to  regulate  the  feed,  controlled  by  a 
float  which  rises  and  falls  with  the  level  of  the  water  in  the  boiler. 
The  proper  dimensions  of  feed  pumps  will  be  considered  farther  on. 
In  cases  in  which  a  fioaJb  within  a  boiler  is  used,  it  ought  to  rise 
and  fall  within  a  casing,  communicating  with  the  rest  of  the  boiler 
through  small  holes  near  the  top  and  bottom  only.  The  water 
within  the  casing  will  preserve  the  same  mean  level  with  that 
throughout  the  rest  of  the  boiler,  but  will  be  Aree  from  the  agita- 
tion which  is  produced  in  all  other  parts  of  the  boiler  by  the 
disengagement  of  steam. 

IX.  The  hlouH>ff  cbppa/ratuB  consists,  in  fresh  water  boilers, 
simply  of  a  large  cock  at  the  bottom  of  the  boiler,  which  is  opened 
occasionally  to  cleanse  the  boiler  by  emptying  it  completely  of 
sediment  and  muddy  water.  In  many  marine  boilers,  fed  with 
salt  water,  a  similar  cock  is  opened  at  regular  intervals  to  discharge 
brine,  and  so  prevent  salt  from  collecting  in  the  boiler.  Another 
blow-off  cock  is  sometunes  so  placed  as  to  discharge  occasionally 
the  scmriy  consisting  of  crystals  of  salt,  which  collects  on  the  surface 
of  the  water :  this  is  called  the  ''  gurfaoe  Uow.^^ 

As  a  substitute  for  the  common  blow-off  apparatus,  Messrs. 
Maudslay  introduced  briiM  pumps,  which  draw  off  a  fixed  quan- 
tity of  brine  from  the  bottom  of  the  boiler  at  each  stroke  of  the 
engina 

The  hot  brine,  whether  blown  off  or  pumped  off,  is,  or  ought  to 
be,  passed  through  a  set  of  tubes,  surrounded  by  a  casing  tlm>ugh 
which  the  feed  water  passes  on  its  way  to  the  boiler;  the  currents 
of  the  brine  and  of  the  feed  water  flowing  in  opposite  directions. 
By  means  of  this  apparatus,  called  the  refrigeratory  the  greater  part 
of  the  heat  which  would  otherwise  be  wasted  with  ^e  brine  is 
saved  by  being  transferred  to  the  feed  water. 

X.  The  aedimeiU  coUectar,  used  in  some  marine  boilers,  is  a 
funnel  shaped  like  an  inverted  cone,  and  placed  within  the  boiler 
so  that  its  mouth  is  somewhat  above  the  water  level  It  communi- 
cates with  the  rest  of  the  boiler  through  triangular  slits  near  its 
upper  edge.  In  the  boiler  generally,  ihere  is  a  continual  boiling 
up  of  steam,  which  keeps  crystals  of  salt  and  other  solid  particles 
for  a  time  near  the  surface  of  the  water.  Within  the  cone  there 
is  comparativdiy  still  water^  so  that  the  solid  imparities  collect 
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there,  and  sink  down  to  the  bottom,  or  apex  of  the  cone,  whence 
they  are  from  time  to  time  blown  off,  being  first  stirnsd  up  if 
necessary. 

XL  The  steam  pipe  conveys  the  steam  from  the  boiler  to  the 
engine.  As  to  its  dimensions  and  resistance,  see  Article  290. 
Besides  the  throttle  valve  or  regulator,  by  which  the  sapply  of 
steam  to  the  engine  is  controlled,  the  steam  pipe  of  every  boiler 
should  be  provided  with  a  perfectly  steam  tight  atop  valve  (being 
usually  a  conical  valve  worked  by  means  of  a  screw)  to  be  shut 
when  the  boiler  is  not  in  use. 

XII.  Safety  valveSy  for  letting  the  steam  escape  from  the  boiler 
when  its  pressure  tends  to  rise  too  high,  have  been  partially  men- 
tioned in  Article  113,  and  will  be  further  considered  in  a  subse- 
quent Article.  Every  boiler  should  have  two,  one  being  placed 
beyond  the  control  of  the  engineman. 

XIII.  The  vacuiMn  valve  is  a  safety  valve  opening  inwards,  to 
admit  air  into  the  boiler,  and  so  to  prevent  it  frt>m  collapsing, 
in  the  event  of  the  steam  within  it  faUing  below  the  atmospheric 
pressure. 

XIV.  The  Jugihle  phtg  is  a  piece  of  metal  or  alloy  stopping  an 
aperture  in  some  part  of  the  boiler  which  is  directly  exposed  to  the 
fire,  and  of  such  a  composition  as  to  melt  at  a  temperature  lower 
than  that  at  which  the  pressure  of  the  steam  would  become  dan- 
gerous. As  to  the  melting  points  of  various  metals  and  alloys,  see 
Article  205,  page  235.  little  confidence  is  now  placed  in  this 
contrivance ;  for  it  has  been  kno¥ni  to  fail  completely  in  various 
cases  of  boiler  explosiona 

X  Y.  The  preeaure  gauge  shows  to  the  engineer  the  excess  of  the 
pressure  within  the  boiler  above  that  of  the  atmosphere.  As  to 
various  pressure  gauges,  see  Article  107  a.  That  which  is  now 
almost  universally  preferred  for  steam  boilers  is  Bourdon's  (see 
pages  111,  112). 

XVI.  The  vxUer  gofuge  shows  to  the  engineer  the  level  of  the 
water  in  the  boiler;  and  eq>ecially,  whether  it  stands  high  enough 
to  cover  all  those  parts  of  the  boiler  which  are  directly  exposed  to 
the  fire.  The  old  form  of  water  gauge  consists  of  three  cocks  at 
difierent  levels;  one  at  the  proper  level  of  the  water,  another  a 
few  inches  above  that  level,  and  a  thii'd  a  few  inches  below. .  Bj 
opening  these  the  engineer  can  ascertain  the  level  of  the  water 
approximately.  The  new  form  which  is  most  frequmtly  used, 
consists  of  a  strong  vertical  glass  tube,  communicating  with  the 
boiler  above  and  below  the  proper  water  level,  through,  cocks, 
which  can  be  shut  if  the  tube  is  accidentally  broken.  The  level  of 
the  water  is  visible  in  this  tube.  Every  boiler  ought  to  be  pro- 
vided with  both  forms  of  water  gauge,  the  cocks  and  t£e  glass  tube ; 
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60  that  if  the  tube  should  be  choked  or  broken^  the  cocks  may  be 
employed.  There  are  other  forms  of  water  gauge,  in  which  a  float 
acts  upon  an  index ;  but  they  are  less  used  than  the  two  forms 
before  mentioned. 

In  the  sether  evaporator  of  M.  du  Trembley's  binary  engine, 
where  a  glass  tube  would  be  dangerous,  an  iron  float  on  the  surface 
of  the  aether  rises  and  falls  in  a  vertical  brass  tube,  and  its  position 
is  indicated  by  a  magnetic  needle  outside. 

XVII.  A  steam  whistle  may  be  used,  as  in  locomotives,  merely 
to  make  signals;  but  it  may  also  be  acted  upon  by  a  pressure  gauge, 
or  by  a  float,  so  as  to  give  warning  of  the  pressure  rising  too  high, 
or  the  water  level  falling  too  low. 

XVIII.  A  damper  is  sometimes  so  acted  upon  by  a  pressure 
gauge  as  to  regulate  the  draught  of  the  furnace,  and  prevent  any 
great  deviation  of  the  pressure  from  a  given  intensity.  This  is 
accomplished  in  Watt's  low  pressure  stationary  boilers,  by  having 
a  pressure  gauge  consisting  of  a  vertical  column  of  water  contained 
in  a  tube  which  is  open  at  the  top,  and  plunges  into  the  water 
within  the  boiler  at  the  bottom ;  while  a  float  on  the  surface  of 
that  water  column  opens  the  damper  when  falling,  and  closes  it 
when  rising. 

XIX.  Stays  are  bars,  rods,  bolts,  and  gussets  for  strengthening 
the  boiler,  which  have  already  been  mentioned  in  Article  66,  and 
will  be  further  referred  to  in  a  subsequent  Article. 

XX.  Clothing  for  the  outer  surface  of  a  boiler,  to  prevent  waste 
of  heat,  is  made  sometimes  of  a  layer  of  coarse  felt,  covered  with  a 
layer  of  thin  wooden  boards,  and  sometimes  of  a  casing  of  brick- 
work. The  tops  of  land  boilers,  resting  on  brickwork,  are  sometimes 
buried  under  a  layer  of  ashes;  but  this  method  is  objectionable,  as 
the  moisture  whidh  collects  amongst  the  ashes  tends  to  corrode  the 
boiler  shell 

The  principal  parts  and  appendages  of  engines  and  boilers  having 
been  enumerated  and  described  generally,  those  which  require  it 
will  now  be  treated  of  in  a  more  detailed  manner. 

306.  Gvaia. — The  area  of  the  grate  is  regulated  by  the  weight  of 
fuel  which  is  to  be  bmut  upon  it  in  an  hour,  and  by  the  rate  of 
combustion  per  square  foot  of  grate,  as  to  which,  see  Article  232. 
To  the  list  of  different  rates  which  occur  in  practice,  as  given  in 
that  Article,  at  page  285,  may  now  be  added  the  following,  which 
comes  between  No&  1  and  2  of  that  list : — 

Lbs.  per  square 
foot  per  hoar. 
1  A.  Rate  of  combustion  in  the  furnace  of  Oraddock*s  1  g  4^  i  a 
boiler, , J  . 

As  has  been  already  more  fully  explained  in  Chapter  II.,  the 


456  STEAM  AND  OTHSB  HEAT  EKGIKSft. 

economy  of  fuel  depends  very  mnch  on  the  proper  adjnstmeiit  of 
the  rate  of  combustion  per  square  foot  of  grate  to  the  drau^t  of 
the  furnace.  A  certain  rate  of  combustion,  which  may  be  found 
by  practical  trials,  is  the  best  suited  to  insure  perfect  combustion 
in  a  given  furnace;  and  this  fixes  the  best  area  of  grate:  if  the 
grate  is  made  smaller,  the  combustion  becomes  imperfect :  if  larger, 
too  much  air  enters,  and  heat  is  wasted  in  warming  it.  It  is  best, 
in  practice,  to  make  the  grate-area  at  first  rather  too  large,  and 
then  to  contract  it  by  means  of  fire-bricks,  until  the  smallest  area 
is  obtained  upon  which  the  required  quantity  of  coal  can  be  burned 
without  incomplete  combustion. 

When  air  is  admitted  above  the  fuel  to  burn-  the  coal  gas,  a 
smaller  area  of  grate  is  required  to  bum  a  given  quantity  <^  fuel 
per  hour,  than  when  the  whole  supply  of  air  has  to  pass  through 
the  grate.  For  an  example  of  this,  see  the  Table  in  Article  232, 
page  285,  Nob.  d  and  6. 

The  ImffHh  of  a  grate  should  not  much  exceed  6  feet,  in  order 
that  the  fireman  may  easily  throw  coals  to  the  back  of  it.  It  may 
be  as  much  leas  than  6  feet  as  the  dimensions  and  figure  of  the 
boiler  require.  The  breadths  of  grates  range  from  about  15  inches 
to  4  feet;  the  most  convenient  breadths  for  firing  being  from  18 
inches  to  2  feet,  or  thereabouts.  The  grates  of  stationary  and 
marine  boilers  are  usually  long  and  narrow ;  those  of  locomotive 
boilers  are  usually  almost  square,  and  sometimes  round. 

To  facilitate  the  even  spreading  of  the  fuel,  the  sur&ce  of  an 
oblong  grate  is  in  general  made  to  elope  downwards  from  tiie  furnace 
mouth  to  the  bridge  at  the  rate  of  about  otm  in  six.  Its  dear 
height  above  the  floor  of  the  ash-pit  should  be  at  least  2^  feet  in 
front. 

A  locomotive  grate  is  usually  level ;  and  the  place  of  an  aah-pit 
is  supplied  by  a  rectangular  wrought  iron  pan  about  10  inches 
deep,  which  is  open  at  the  front,  to  catch  the  air  as  the  engine 
rushes  through  it,  and  can  be  removed  when  required. 

A  grate  consists  of  Jire-bars,  and  of  eross  heirers  by  which  they 
are  supported.  The  fire-bars  are  made  in  lengths  of  from  2  to  3 
feet.  They  are  from  |  inch  to  |  inch  broad  on  the  top,  and  are 
often  made  to  diminish  to  about  half  that  thickness  at  the  lower 
edge,  in  order  to  admit  of  the  free  entrance  of  air  and  escape  of 
ashes.  Their  ordinary  depth  is  about  3  inches.  The  Iw-eadth  of 
the  clear  space  between  two  bars  is  from  one-half  to  two-thirds  of 
the  greatest  breadth  of  a  bar.  At  each  side  of  each  end  of  a  bar 
there  are  snugs  or  projections,  by  which  the  breadth  of  the  bar  at 
its  ends  is  increased  so  as  to  be  equal  to  the  distance  from  centre 
to  centre  of  the  bars.  When  the  bars  are  laid  upon  the  croas 
bearers  with  the  snugs  touching  each  other,  the  proper  spaces  ai-e 


GRATES — HEiaHT  OF  FURNACE — HEARTH  FOR  WOOD.        457 

left  between  their  intennediate  parts.  Fire-bars  are  often  cast  in 
pairs,  SO  that  two  bars  with  the  proper  space  between  them  form 
one  piece.  This  saves  time  in  removing  and  replacing  them  when 
the  grate  requires  repairs. 

307.  ai^irtag  Ctaniea. — ^Reference  has  been  made  in  Article  230, 
page  283,  to  contrivances  for  supplying  fiiel  to  ftunaoes  gradually 
and  equably  by  mechanism,  in  onler  to  insure  complete  combustion. 
Some  of  these  inventions  involve  the  use  of  moving  grates.  The 
revolving  gnUe  is  circular  and  horizontal,  and  turns  dowly  about, 
its  centre.  The  ftiel  is  dropped  upon  it  by  degrees  through  a  fixed 
opening;  and  thus  every  part  of  it  ia  at  all  times  equally  covered. 
Jwk^s  grcUe  consists  of  an  endless  web  of  very  short  fire-bars, 
moving  on  horizontal  rollers,  travelling  from  the  ftimace  mouth  to 
the  bridge,  and  returning  through  the  ash-pit  The  portion  of  the 
web  which  at  any  time  is  uppermost,  is  supported  on  small  wheels 
with  which  the  bars  are  provided,  and  which  rest  on  raiLs.  Some- 
times the  fire-bars,  by  means  of  cams,  are  made  to  have  a  short 
reciprocating  motion  up  and  down,  and  from  side  to  side,  in  order 
to  keep  them  dear  of  clinkers. 

308.  Heigkt  •rFnMM— The  dear  height  of  the  "erown''  or 
roof  of  the  furnace  above  the  grate  bars  is  sddom  less  than  about 
18  inches,  and  often  considerably  more.  In  the  fire-boxes  of  loco- 
motives it  is  on  an  average  about  4  feet 

The  height  of  eighteen  inches  is  suitable  where  the  crown  of  the 
furnace  is  a  brick  arch,  as  in  Mr.  C.  T.  Dunlop's  detached  furnaces, 
formerly  referred  to.  Where  the  crown  of  the  furnace,  on  the 
other  hand,  forms  part  of  the  heating  sur&oe  of  the  boiler,  a  greater 
height  is  desirable  in  every  case  in  which  it  can  be  obtained;  for 
the  temperature  of  tbe  boiler  plates,  being  much  lower  than  that  of 
the  fiame,  tends  to  check  the  combustion  of  the  inflammable  gases 
which  rise  from  the  fuel  As  a  general  prindple,  a  highfwmaoe  i$ 
favowrable  to  complete  combustion. 

The  height  of  the  furnace  is  limited  in  practice,  sometimes  by 
the  necessify  for  having  flues  or  tubes  traversing  the  water  above 
it ;  and  alwa3rs  by  the  neoessify  for  having  a  suffident  depth  of 
water  above  the  crown;  that  is  to  say,  a1x>ut  12  or  15  inches  in 
marine  boilers,  5  or  6  inches  in  locomotive  boilers,  and  10  or  12 
inches  in  land  boilera 

309.  Hmrtii  for  Banriiq;  w««4. — According  to  M.  Pedet,  the 
best  furnace  for  burning  wood  under  a  steam  boiler  consists  of  a 
hearth  of  fire-brick,  with  a  sort  of  hopper  or  feeding  passage  in  front, 
of  the  full  width  of  the  hearth,  made  of  cast  iron.  The  wood,  cut 
into  billets  whose  length  is  a  little  less  than  the  width  of  the 
hearth,  is  placed  crosswise  in  the  hopper,  and  descends  giaduaUy 
either  by  its  weight  alone,  or  by  its  weight  aided  by  the  pressure  of 
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the  feet  of  the  stoker.  As  it  reaches  the  hearth  billet  by  billet,  it 
takes  fire,  and  is  completely  consumed.  The  hearth  has  a  slight 
slope  forwards,  towards  the  bottom  of  the  hopper.  The  whole 
supply  of  air  for  the  combustion  of  the  wood  passes  down  through 
the  hopper  amongst  the  unconsumed  billets  of  wood.  The  ashes  axe 
swept  away  by  the  draught. 

310.  Dead  Plate— ]llMrtliplec«<-Fin  Ikmmr — Wmmmee  Praat — Ash- 
pit liaar. — The  use  of  the  dead  plate  has  been  stated  in  Article 
230,  page  282.  In  some  of  Watt's  furnaces,  it  was  nearly  as  long 
as  the  grate;  but  a  length  of  about  20  inches  has  been  found  to 
answer  well  in  some  i-ecent  practical  examples.  When  the  dead 
plate  forms  the  bottom  of  a  cast  iron  mouthpiece,  it  is  useful  to 
make  the  roof  of  that  mouthpiece  slope  downwards  towards  the 
furnace  at  the  rate  of  one  in  six,  or  thereabouts.  This  has  the 
effect  of  directing  any  current  of  air  which  may  enter  through  the 
mouthpiece  downwards  upon  the  surface  of  the  bmning  fuel,  so  as 
at  once  to  promote  rapid  combustion  of  the  coal  gas,  and  to  prevent 
that  current  from  striking  the  crown  of  the  fire-box,  which,  when 
that  crown  is  part  of  the  boiler-surface,  tends  both  to  lower  its 
temperature,  and  to  oxidate  the  plates.  In  some  furnaces  the  sides 
and  top  of  the  mouthpiece  are  made  thick  enough  to  be  traversed 
by  a  row  of  longitudinal  holes,  each  ^  inch  in  diameter.  These 
holes  admit  small  currents  of  air,  which  hare  some  effect  in  burn- 
ing the  coal  gas,  but  whose  principal  use  is  at  once  to  keep  the 
mouthpiece  cool,  and  to  carry  back  to  the  furnace  the  heat  which 
would  otherwise  be  lost  by  conduction  through  the  metal  of  the 
mouthpiece. 

In  some  furnaces  the  dead  plate  is  double,  and  a  current  of  air  L« 
admitted  through  the  passage. 

As  to  contrivances  for  preventing  waste  of  heat  through  the  fire- 
door  and  furnace-front,  and  for  admitting  air  through  them  to  bum 
the  coal  gas,  and  regulating  the  admission  of  that  air,  and  of  the 
air  which  enters  through  the  ash-pit,  see  Article  228,  page  279, 
and  Article  230,  pages  282,  283.  To  what  has  been  stated  there, 
it  may  be  added,  ^at  doors  consisting  of  several  layers  of  wire 
gauze  have  lately  been  used  for  these  purposes,  and  it  is  said  with 
good  effect;  and  also,  that  a  heap  of  dross,  slack,  or  sawdust  (where 
those  substances  are  burned),  blocking  up  the  mouthpiece,  which 
is  without  a  door,  has  been  found  to  answer  the  same  end  extremely 
well  in  stationary  boilers  at  St.  Eollox  chemical  works.  The.  heap 
so  placed  intercepts  the  radiant  heat,  and  admits  through  its 
interstices  enough  of  air  to  carry  the  sensible  part  of  that  heat 
back  into  the  furnace,  and  to  bum  the  gases  distilled  from  the 
fresh  fuel.  When  the  fireman  considers  that  the  heap  is  sufficiently 
coked  or  charred,  he  pushes  it  forward  and  spreads  it  uniformly 
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over  the  grate,  and  supplies  its  place  by  blocking  the  monthpiece 
again  with  a  heap  of  fresh  fuel 

311.  Air  Pawgca  Btowteg  AppanUaa— ChtauMT* — The  means 
of  producing  a  current  of  air  through  a  furnace,  and  the  principles 
of  the  action  of  those  means,  and  their  peculiar  effects,  have  abr^idy 
(with  the  exception  of  the  blast  pipe)  been  considered  in  Articles 
230,  231,  232,  233,  and  234.  It  may  now  be  added,  that  care 
should  be  taken  not  to  direct  streams  of  fresh  air  against  the  plates 
or  other  metal  surfaces  of  the  boiler;  because  if  so  directed,  they 
produce  rapid  oxidation. 

The  blast  pipe  will  be  treated  of  in  greater  detail  amongst  some 
special  subjects  relating  to  locomotive  boHera 

312.  0trc0gth  mnd  €«Minicitoii  sf  ■•Uen— «-The  principles  upon 
which  the  strength  of  boilers  depends  have  already  been  stated  in 
Section  8  of  the  Introduction,  Articles  59,  60,  61,  62,  63,  66,  67, 
68,  69,  and  73. 

The  only  figures  for  Hhe  ahdts  of  boilers  which  are  safe  against 
bursting  by  internal  pressure,  without  the  aid  of  stays^  are  the 
cylinder  and  the  sphere,  as  to  which  see  Articles  62,  63. 

Portions  of  boiler-shells  which  are  iiat,  or  which  otherwise 
deviate  from  the  cylindrical  and  spherical  figures,  are  strengthened 
by  means  of  stays,  as  to  which  see  Article  66.  To  the  information 
there  given,  it  may  be  added,  that  the  usual  pitch  or  distance  apart 
of  the  stays  of  locomotive  fire-boxes  is  about  4^  or  5  inches,  and  of 
marine  and  stationary  boilers  12  to  18  inches.  According  to  Mr. 
Bourne,  the  staying  of  existing  marine  boilers  is  seldom  sufficiently 
strong;  and  the  iron  of  the  stays  ojight  not  to  be  exposed  to  a 
greater  working  tension  than  3,000  lbs.  on  the  square  inch,  in 
order  to  provide  against  their  being  weakened  by  corrosion.  This 
amounts  to  making  the  factor  of  safety  for  the  working  pressure 
about  20. 

If  any  part  of  the  surface  of  a  boiler  cannot  be  efficiently  stayed  by 
rods  reaching  across  to  the  opposite  part,  it  may  be  fastened  by  bolts 
or  rivets  to  a  series  of  ribs  crossing  it,  care  being  taken  that  the  ends 
of  those  ribs  have  sufficient  support  For  example,  the  flat  crown 
of  a  locomotive  fire-box  is  hung  by  bolts  from  a  series  of  parallel 
ribs,  which  cross  it  at  distances  of  from  4^  to  5  inches  from  centre 
to  centre,  and  whose  ends  are  supported  on  the  front  and  back  of 
the  fire-box. 

It  has  been  foimd  by  experience  that  a  thickness  of  about  f  of  an 
inch  is  the  most  £eLvourable  to  sound  rivetting  and  caulking  of 
boiler-plates  j  and  therefore  they  are  seldom  made  much  thicker  or 
much  thinner  than  that  thickness.  If  a  cylindrical  boiler  is 
required  to  withstand  a  very  high  pressure,  the  necessary  increase 
of  strength  must  be  attained,  not  by  increasing  the  thickness  of  the 
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plates,  but  by  diminishing  the  diiuneter  of  the  shelL  The  strongest 
boilers  are  those  which  are  entirely  composed  of  tubes  and  smaD 
cylinders,  with  the  water  and  steam  inside. 

Mr.  Fairbaim's  experiments  have  shown  (as  stated  in  Article  66), 
that  the  stay-bolts  of  locomotive  fire-boxes  should  have  their  diame- 
ters equal  to  double  the  thickness  of  the  plates,  if  these  are  of  iron, 
so  that  for  f  inch  iron  plates  the  stay-bolts  should  be  |  inch  in 
diameter.  According  to  the  principles  laid  down  by  Mr.  Bourne, 
the  factor  of  safety  for  the  stays  of  marine  boilers  should  be  about 
three  times  the  factor  of  safety  for  those  of  locomotiye  boilers; 
hence  for  plates  of  f  inch  thick  or  thereabouts,  the  stays  of  marine 
boilers,  if  roimd,  should  be  about  1^  inch  in  diameter. 

The  flat  ends  of  cylindrical  boilers  are  made  about  onoe  and 
a-half  the  thickness  of  the  cylindrical  barrels,  and  are  tied  to  each 
other  by  longitudinal  stays,  or  to  the  sides  of  the  boiler  by  gussets  (see 
Art  66,)  A  pair  of  tube-plates  are  tied  together  in  the  same  man- 
ner; and  it  is  safer  to  rely  altogether  on  stay-rods,  to  prevent  them 
from  being  forced  asunder,  than  to  leave  any  part  of  the  tension 
to  be  borne  by  the  tubes. 

Tubes  for  the  passage  of  flame  and  hot  gas  are  made  of  brass  or 
of  iron,  and  are  fix)m  1^  to  2  inches  in  diameter  for  locomotives,  and 
from  2  to  4  inches  in  diameter  for  marine  boilers.  They  are  fixed 
tight  in  the  holes  in  the  tube-plates,  either  by  driving  ferules  into 
their  ends,  or  by  rivetting  up  the  edges  of  the  ends  themselves,  so 
as  to  make  them  fit  countersunk  grooves  which  sorround  the  holes 
on  the  out€dde  of  each  tube-plate. 

The  principles  of  the  strength  of  cylindrical  internal  flues  have 
been  explained  in  Article  67. 

The  fliekt  ends  of  cylindrical  boilers  are  very  commonly  connected 
with  the  barrels  and  flues  by  means  of  rings  of  angle  iron;  but  such 
rings  are  liable  to  split  at  the  angle;  and  therefore  it  is  consider^ 
preferable  to  make  the  connection  by  bending  the  edgea  of  l^e 
endmost  plates  of  the  barrel  and  flues.  A  flat  end  to  a  cylindriad 
shell,  or  a  flat  top  to  a  cylindrical  steam  chest,  connected  by  means 
of  an  angle  iron  ring  alone,  without  stay-bars  or  gussets,  is  danger- 
ous at  h^h  pressures,  even  when  of  small  diameter ;  as  the  ang^e  iron 
ring,  although  it  may  last  for  a  time  and  be  apparently  safe^  is  almost 
certain  to  split  at  the  angle  in  the  end. 

The  shells  of  stationaiy  and  locomotive  boilers  are  usually  single- 
rivetted — ^those  of  maiine  boilers  usually  double-rivetted — ^that  is, 
the  rivets  form  a  zig-zag  line  at  each  joint  Horizontal  overlapped 
joints  should  have  the  overlapping  ediges  fitdng  upwards  on  the  side 
next  the  water,  that  they  may  not  intercept  bubbles  of  steam  on 
their  way  upwards.  The  joints  in  horizontal  flues  should  be  so 
placed  that  the  overlapping  edges  shall  not  oppose  the  current  of  gaa 
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Those  parts  of  boilero  wluch  are  exposed  to  more  severe  or  more 
irr^^ular  stxains  than  the  rest,  or  to  a  more  intense  heat,  should  be 
zoade  of  the  finest  iron^  such  as  Bowling  or  Lowmoor.  This 
applies  to  the  sides  and  ci'O'wns  of  internal  furnaces,  to  tube-plates, 
to  bent  plates  at  the  ends  of  cylindrical  sheUs,  &c. 

313.  Seaitac  S«glkce  I»iieMi»M  Mid  Cmrnnm  •f  Fhwi  In 
Article  234,  Division  lY,,  there  have  already  been  given  several 
examples  of  the  proportions  usually  borne  by  the  area  of  heating- 
surface  to  the  area  of  the  grate,  and  to  the  number  of  pounds 
of  fuel  burnt  in  an  hour;  and  in  that  Article,  and  the  previous 
Articles  219,  220,  and  221,  have  been  explained  the  principles 
on  which  the  efficiency  of  that  heating-surface  depends.  The  object 
of  the  use  of  Hihea  is  to  obtain  a  laige  heating-surface  within  a 
moderate  space;  and  this  was  the  nature  of  the  improvement  intro- 
duced by  Booth  and  Stephenson  into  the  construction  of  the 
heating-surfistce  of  locomotive  boilers.  The  construction  which 
insures  the  greatest  known  heating-surface  relatively  to  the  fuel 
consumed,  is  that  in  which  the  boiler  consists  mainly  of  a  sort  of 
cage  of  vertical  water-tubes  enclosing  the  furnace,  as  in  Mr.  Grad- 
dock*s  boiler,  where  there  are  from  six  to  ten  square  feet  of  heat- 
ing-surfiice  for  each  pound  of  coal  burned  per  hour;  and  the  efficiency 
is  accordingly  greater  than  that  of  any  other  boiler  which  has  yet 
been  brought  into  continuous  practical  operation  on  the  large  scale. 
(See  Article  234,  Example  IX.,  page  297.) 

Similar  proportions  of  heating-sur&ce  to  fuel  consumed  may  be 
obtained  by  means  of  square  water-tubes  or  cells,  each  containing 
four  hot  gas  tubes,  as  in  Mr.  J.  M.  Bowan's  boiler. 

The  sectional  area  ofiktjlv/ea  of  a  boUer  must  not  be  made  too 
large,  lest  it  should  make  the  boiler  too  bulky,  nor  too  small,  lest 
it  should  cause  too  much  resistance  to  the  draught  Experience 
has  shown,  that  a  sectional  area  of  from  orve-fiftk  to  (me-seoenJih  of 
the  area  of  the  grate  answers  well  in  practice.  Where  there  is  a 
bridge  contracting  the  entrance  to  the  flue,  this  applies  to  the  area 
of  the  passages  left  by  the  bridge.  In  multitubular  boilers,  the 
area  to  be  considered  is  the  jomt  wrea  of  the  whole  set  of  tyhea, 
which,  when  there  are  ferules  at  their  ends,  is  to  be  measured  vsUhin 
thefervlea. 

The  course  taken  by  the  current  of  hot  gas  through  the  flues  and 
tubes  of  a  boUer  is  most  commonly  from  below  upwards  on  the 
whole,  even  when  most  of  those  passages  are  horizontal  It  was 
^  first  shown  by  Peclet,  and  is  now  generally  recognized,  that  a 

great  advantage  in  point  of  thorough  convection  of  heat,  and  con- 
sequently in  economy  of  fuel,  is  gained  by  causing  the  course  of  the 
hot  gas  to  be  on  the  whole  from  above  dovmuowrds;  because  then 
^         the  hottest  strata  of  the  funiace  gas,  being  uppermost,  spread  them- 
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selves  out  above  the  denser  and  colder  strata  vrhich  are  below,  and 
so  difiiise  themselves  more  uniformly  throughout  all  the  passages 
than  they  do  when  made  to  ascend  from  below.  This  principle 
was  practically  applied  in  the  Earl  of  Dundonald's  boiler — as  to 
which  see  Article  234,  Example  X.,  page  298,  also  Article  334,  page 
476. 

314.  T«ial  ■■«  umteUre  Mtmtim%  Snihce. — The  lower  horizontal 
or  nearly  horizontal  sur&ces  of  internal  flues  and  tubes,  owing  to 
the  difficulty  with  which  bubbles  of  steam  escape  from  them,  are 
found  to  be  much  less  effective  in  producing  steam  than  the  lateral 
and  upper  suifaces.  It  is  therefore  common  amongst  engineers  to 
distinguish  between  the  total  heating  surface  of  a  boiler  and  the 
^ective  heating  surface,  from  which  latter  the  bottoms  of  internal 
flues,  and  one-fourth  of  the  surface  of  each  cylindrical  horizontal 
tube  are  excluded.  On  an  average,  the  effective  heating  surface  is 
from  i  to  I  of  the  total  heating  surface. 

In  all  the  calculations  of  Article  234,  it  is  the  total  heaitng-sur^ 
fcuse  which  is  considered. 

315.  Waief^B««M  aikl  9tMUi-B«*m  are  the  names  given  to  the 
volumes  of  water  and  steam  respectively  contained  in  the  boiler 
when  the  surface  of  the  water  is  at  its  proper  mean  level  Authori- 
ties difler  as  to  the  relative  proportions  of  water-room  and  steam- 
room  adopted  in  the  practice  of  the  most  skilful  engineers. 
According  to  Mr.  Bourne,  of  the  whole  boiler-room,  or  internal 
capacity  of  the  boiler,  there  are  very  nearly 

I  water-room,  and  ^  steam-room. 

According  to  Mr.  Kobert  Armstrong,  there  are 

^  water-room  and  ^  steam-room; 

and  that  author  considers  that,  with  a  less  proportion  of  steam-room, 
there  is  risk  of  priming,  or  carrying  over  liquid  water  from  the 
boiler  to  the  cylinder. 

A  cylindrical  boiler  is  usually  filled  with  water  to  three-fourths 
of  its  depth  or  thereabouts. 

The  practice  with  regard  to  the  absolute  capacity  of  boilers  varies 
very  much.  According  to  Mr.  Robert  Ajmstrong,  that  capacity 
ought  to  be — 

For  each  cubic  foot  of  water  evaporated  per  hour, 

Steam-room, 13i  cubic  feet. 

Water-room, ]3|        „ 

Total  boiler-room, 27  „ 
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The  number  of  cubic  feet  of  water  to  be  effectively  evaporated 
per  hour  in  a  given  engine,  per  indicated  horse-power,  is  given  by 
the  formula, 

1980000 
62iU  ' ^  '^ 

where  U  is  the  work  of  one  lb.  of  steam,  found  by  the  methods  of 
Chapter  III.,  Sections  5  and  6. 

A  useful  mode  of  comparing  the  capacities  of  different  boilers 
is  to  divide  the  boiler-room,  in  cubic  feet,  by  the  area  of  heating- 
surface,  in  square  feet  Thus  is  obtained  a  sort  of  mean  depth  in 
feet,  analogous  to  the  hydraulic  mean  depth  of  a  pipe.  Of  the  fol- 
lowing examples,  the  &rst  three  are  given  on  the  authority  of  Mr. 
Fairbaim's  "  Useful  Information  for  Engineers :" — 

"Meandeptli." 
Feet 
Plain  cylindrical  egg-ended  boiler,  with  external 
flues  below  and  at  each  side,  but  no  internal 

flues, 350 

Cylindrical  boiler  with  external  flues,  and  one 

cylindrical  internal  flue, 1*65 

Cylindrical  boiler  with  external  flues,  and  two 

cylindrical  internal  flues, 1*00 

Stationary  boilers  according  to  Mr.  Robert  Arm- 
strong's rules, 3*00 

Multitubular  marine  boilers,  about 0*50 

Locomotive  boilers,  and  boilers  composed  of  water- 
tubes,  average  about 010 

Boilers  of  large  and  small  capacity  have  each  their  advantages. 
In  £Bivour  of  large  capacity  are,  steadiness  in  the  pressure  of  the 
steam,  ready  deposition  of  impurities,  space  for  the  collection  of  sedi- 
ment, freedom  from  priming.  In  £Eivour  of  small  capacity  are, 
rapid  raising  of  the  steam  to  any  reqidred  pressure,  small  sur&ce 
for  waste  of  heat,  economy  of  space  and  weight  (which  are  of  special 
importance  on  board  ship),  greater  strength  with  a  given  quan- 
tity of  material,  smaller  damage  in  the  event  of  an  explosion. 

In  boilers  of  veiy  small  capacity  in  proportion  to  their  area  of 
heating  sur&ce,  especially  those  composed  of  small  water-tubes,  it 
is  desirable,  and  in  some  cases  necessary,  to  work  with  distilled 
water,  in  order  to  avoid  the  priming,  the  choking  of  the  water- 
spaces  by  salt  or  sediment,  and  the  consequent  burning  of  the  iron, 
which  would  arise  from  the  use  of  water  containing  salt,  mud,  or 
other  impurities.  For  that  purpose  stmface  c(mdem(tUon  must  be 
employed,  which  has  already  been  treated  of  to  a  certain  extent  in 
Article  222,  and  will  be  further  considered  in  the  sequel 
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316.   W9Hi    ■■«    Bl»^  mm  AwamOM  — DMdiCT-BBfl 


-The  feed-pompfl  are  worked  by  the  emgiiie  itself  when  it  is 
in  motion ;  but  when  it  is  standing  still,  and  it  becomes  neoessaiy 
to  feed  the  boiler,  they  are  driven  either  by  hand,  or  by  a  small 
anziliary  engine  called  a  **DonkeyJ"  For  all  marine  boilers  of  con- 
siderable size,  a  donkey-engine  is  necessary;  and  it  is  need  not 
merely  to  feed  the  boiler,  but  to  drive  the  starting  and  revendng 
gear  of  the  valves  when  required,  and  perform  other  miscellaneous 
duties. 

To  provide  for  leakage  of  water  and  steam,  priming,  blowing-off, 
and  loss  by  the  safety  valves,  the  feed-pump  of  a  land  engine  should 
be  of  such  capacity  as  to  (Hscharge  from  double  to  two  and  orhalf 
iime»  the  net/eed^vxUer  required  by  the  engine,  according  to 

Article  284,  Equation  10,  page  389, )  ^^  ..    ^^ 
Article  287,  Equation  17,  page  401,  >^t^ 
or  Article  297,  Equation  12,  page  434,  j     ^^^  ^• 

In  marine  engines,  a  further  addition  to  the  capacity  of  the  feed- 
pumps must  be  made,  to  provide  for  the  brine  which  is  blown  off  or 
pumped  out.  Ordinary  sea- water  contains  about  n  of  its  weight  c^ 
salt  The  brine  in  the  boiler  should  never  be  allowed  to  rise  above 
treble  that  strength;  and  for  that  purpose  the  volume  of  biine  dis- 
charged should  be  equal  to  half  the  volvme  of  the  rut  feedrnxUer, 
But  it  is  better  stiU  to  provide  that  the  brine  in  the  boiler  shall 
never  rise  above  chubh  the  strength  of  ordinary  sea- water ;  and  for 
this  purpose  the  brine  discharged  should  be  eqiial  to  the  feed-water 
in  volume.  The  result  is,  that  the  discharging  capacity  of  the  feed- 
pumps of  a  marine  engine  is  made  equal  to  from  three  tofowr  times 
the  volume  of  the  netf^d-iMter,  There  is,  besides,  a  duplicate  set  of 
feed-pumps,  in  order  that  if  one  breaks  down  the  other  may  be 
used. 

As  to  the  effect  of  salt  in  water  on  its  boiling  point,  see  Article 
206,  Division  VIIL,  page  242. 

Hie  brine  is  discharged  at  a  temperature  on  an  av^vge  140°  or 
150^  higher  than  that  at  which  the  feed-water  is  drawn  from  the 
hot- well  In  order  that  the  apparatus  of  tubes  uid  casing  already 
mentioned  under  head  IX  of  Ai-ticle  305  may  act  with  the  greatest 
possible  efficiency  in  transferring  heat  from  the  hot  brine  to  the 
feed-water,  it  appears,  by  the  application  of  equations  6  and  7  of 
Article  219,  that  the  sur&ce  of  the  tubes  should  amount  to  about 
Ath  of  a  eqiuxre  foot  per  lb,  of  brine  discharged  per  howr;  or  6J 
equwrefeet  per  cubic  foot  of  brine  discharged  per  how. 

It  may,  however,  be  sometimes  difficult  or  inconvenient  in  prac- 
tice to  obtain  so  large  a  surface. 

317.  BmgMj  TalTMi    (8ee  also  Article  113.) — It  is  considered 
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desirable  that  one  at  least  of  the  safety  valves  of  a  boiler  should  be 
loaded  directly,  and  not  through  the  medium  of  a  lever. 

In  stationary  engines  the  load,  whether  applied  through  a  lever  or 
to  the  valve  directly,  consists  usually  of  weights;  and  weights  are 
used  for  the  same  purpose  in  marine  engines  also.  In  locomotives, 
whose  oscillations  render  weights  inapplicable,  the  load  is  applied 
through  a  lever,  by  means  of  a  spiral  spring  contained  in  a  cylin- 
drical case,  like  that  of  the  indicator  (fig.  16,  page  47).  One  end 
of  the  spring  is  attached  to  the  boiler,  tJ^e  other  to  the  lever,  by 
means  of  a  rod  whose  effective  length  can  be  adjusted  by  a  screw 
and  nut;  an  index  pointing  to  a  aoBile  marked  on  the  case  shows 
the  tension  exerted  by  the  spring.  This  mode  of  loadii^  is  now 
frequently  adopted  for  the  valves  of  marine  boilers.  A  vfdve  may 
also  be  loaded  directly  by  means  of  a  spring. 

In  a  directly  loaded  safety  valve  introduced  by  Mr.  Nasmyth, 
the  valve  is  a  sphere,  and  has  a  load  hung  to  it  inside  the  baUer, 
Mr.  Fairbaim  loads  the  safety  valve  by  a  weight  and  lever  inside 
the  boiler. 

The  rules  followed  in  practice  for  the  sLze  of  the  orifice  of  a 
safety  valve  are  very  various.  That  given  by  Mr.  Bourne  is  equi- 
valent to  the  following: — Let  A  be  the  area  of  the  piston;  V,  its 
velocity  in  Jeet  per  mdmUe;  P,  the  excess  of  the  pressure  in  the 
boiler  above  that  of  the  atmosphei'e,  in  lbs.  on  the  square  inch. 
Let  a  be  the  required  area  of  the  safety  valve;  then 

*  =  '^'3^''^y <^> 

Another  mode  of  determining  the  size  of  the  orifice  has  reference  to 
the  rate  of  consumption  of  fuel,  and  consists  in  making 

a  in  ^uare  inches  =  from  A  to  ^  of  the  number  of  lbs.  of  coal 

burned  per  hour (2.) 

This  rule  is  applicable  to  boilers  in  which  the  weight  of  water 
actually  evaporated  per  lb.  of  coal  is  about  6  lbs. ;  consequently  we 
may  substitute  for  it  the  following: — 

a  in  square  inches  =  £rom  ttt  to  riir  of  the  water  actually 

evaporated  per  hour (3.) 

Another  rule  is 

a  =  I  square  inches  x  nominal  horse-power (4.) 

Nominal  hoise-power  will  be  defined  in  Article  336,  psge  479. 
318.  Steel  ll«tlen. — Recent  improvements  in  the  manufacture  of 
steel  have  so  fiar  diminished  its  cost  as  to  render  it  commerdaUy 
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available  as  a  material  for  boilers.  Its  tenacity  is  on  an  average 
about  1  '6  times  that  of  iron ;  and  hence,  hj  its  use,  boilers  of  a  given 
strength  may  be  made  much  lighter  than  heretofore.  In  the  steel 
steamer  "  Windsor  Castle,"  lately  built  by  Messrs.  Caird  k  Co., 
the  shell  of  the  boiler  is  made  of  steel  plates,  with  steel  rivet&  It 
has  to  withstand  a  working  pressure  of  about  40  lbs.  on  the  square 
inch;  while  its  thickness  is  only  tV  inch,  or  little  more  than  |  of 
the  tiiickness  of  an  iron  boiler  of  the  same  strength. 

319.  Prmriag  B«ii«r«. — Befoi*e  any  boiler  is  used,  its  strength 
ought  to  be  tested  by  means  of  the  pressure  of  water,  forced  in  by 
pumps.  The  testing  pressure  (according  to  the  principles  of  Articles 
hd  and  60)  should  be  not  less  than  cUmble  the  working  pressfure,  and 
no<  rrwre  than  half  the  biursting  pressure;  that  is  to  say,  as  the 
bursting  pressure  should  be  six  times  the  working  pressure,  the 
testing  pressure  should  be  between  twice  and  three  times  the  work- 
ing pressura  About  two  and  a-half  times  the  working  pressure  is 
a  good  medium. 

In  everything  that  relates  to  the  strength  and  testing  of  boilers, 
the  ** pressure"  is  to  be  understood  to  mean  the  eaxess  o/ the  pres- 
sure wUkin  t/ie  boiler  above  t/ie  atniospheric  pressure,  as  in  Article 
294. 

The  pressure  of  water  is  to  be  used  in  testing  boilers,  because  of 
the  absence  of  danger  in  the  event  of  the  boiler  giving  way  to  it. 

320.  Bxi^lostoBs  of  steam  boilers,  so  far  as  they  are  understood, 
arise  and  are  to  be  prevented  in  the  following  manner : — 

I.  From  original  weakness.  This  cause  is  to  be  obviated  by  due 
attention  to  the  laws  of  the  strength  of  materials  in  the  designing 
and  construction  of  the  boiler,  and  by  testing  it  properly  before  it 
is  subjected  to  steam  pressure. 

II.  From  weakness  produced  by  gradual  corrosion  of  the  ma- 
terial of  which  the  boiler  is  made.  This  is  to  be  obviated  by 
frequent  and  careful  inspection  of  the  boiler,  and  especially  of  the 
parts  exposed  to  the  direct  action  of  the  fire. 

III.  From  wilful  or  accidental  obstruction  or  overloading  of  the 
safety  valve.  This  is  to  be  obviated  by  so  constructing  safety 
valves  as  to  be  incapable  of  accidental  obstruction,  and  by  placing 
at  least  one  safety  valve  on  each  boiler  beyond  the  control  of  the 
engineman. 

IV.  From  the  sudden  production  of  steam  of  a  pressure  greater 
than  the  boiler  can  bear,  in  a  quantity  greater  than  the  safety  valve 
can  dischaiige.  There  is  much  difference  of  opinion  as  to  some  points 
of  detail  in  the  manner  in  which  this  phenomenon  is  produced ; 
but  there  can  be  no  doubt  that  its  primary  causes  are — ^first,  the 
overheating  of  a  portion  of  the  plates  of  the  boiler  (being  in  nio>t 
cases  that  iK>rtion  called  the  cro/wn  of  Uie  furnace^  which  is  directly 
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over  the  fire),  so  that  a  store  of  heat  is  accumulated — and,  secondly, 
the  sudden  contact  of  such  overheated  plates  with  water,  so  that 
the  heat  stored  up  is  suddenly  expended  in  the  production  of  a 
large  quantity  of  steam  at  a  high  pressure.  Some  engineers  hold, 
that  no  portion  of  the  plates  can  thus  become  overheated,  unless 
the  level  of  the  suriace  of  the  water  sinks  so  low  as  to  leave  that 
portion  of  the  plates  above  it,  and  uncovered;  others  maintain, 
with  M.  Boutigny,  that  when  a  metallic  surface  is  heated  above  a 
certain  elevated  temperature,  water  is  prevented  from  actually 
touching  it  either  by  a  direct  repulsion,  or  by  a  film  or  layer  of 
veiy  dense  vapour;  and  that  when  this  has  once  taken  place,  the 
piate,  being  left  dry,  may  go  on  accumulating  heat  and  rising  in 
temperature  for  an  indefinite  time,  until  some  agitation,  or  the 
introduction  of  cold  water,  shall  produce  contact  between  the  water 
and  the  plate,  and  bring  about  an  explosion.  All  authorities, 
however,  are  agreed,  that  explosions  of  this  class  are  to  be  pre- 
vented by  the  following  means : — 1.  By  avoiding  the  forcing  of  the 
fires,  which  makes  the  boiler  produce  steam  &ster  than  the  rate 
suited  to  its  size  and  surface.  2.  By  a  regular,  constant^  and  suffi- 
cient supply  of  feed  water,  whether  regulated  by  a  self-acting 
apparatus,  or  by  the  attention  of  the  engineman  to  the  water 
gauge ;  and  3,  Should  the  plates  have  actually  become  overheated, 
by  abstaining  from  the  sudden  introduction  of  feed  water  (which 
would  inevitably  produce  an  explosion),  and  by  drawing  or  extin- 
guishing the  fires,  and  blowing  off  both  the  steam  and  the  water 
from  the  boiler. 

321.  lateninl  Depoalts. — Bollers  OTO  liable  to  become  encrusted 
inside  with  a  hard  deposit  of  the  minerals  contained  in  the  water, 
which,  by  resisting  the  conduction  of  heat,  impairs  at  once  the 
evaporative  power  of  the  boiler,  its  durability,  and  its  safety.  The 
deposition  of  carbonate  of  lime  can  be  prevented  by  dissolving  sal- 
ammoniac  in  the  water;  for  that  salt  and  the  carbonate  of  lime 
are  mutually  decomposed,  producing  carbonate  of  ammonia  and 
chloride  of  calcium,  of  which  both  are  soluble  in  water,  and  the 
former  is  volatile.  The  deposition  of  sulphate  of  lime  can  be  pi-e- 
vented  by  dissolving  carbonate  of  soda  in  the  water ;  the  products 
being  sulphate  of  soda  and  carbonate  of  lime,  of  which  the  former 
is  soluble,  and  the  latter  falls  down  in  grains,  and  does  not  adhere 
to  the  boiler.  The  most  effectual  means  of  preventing  internal 
incrustation  are,  either  a  regular  system  of  blowing  off  the  water 
before  it  becomes  too  highly  charged  with  impurities,  like  that 
described  in  Article  316;  or  the  use  of  water  so  pure  as  to  yield 
no  deposit;  whether  such  water  be  obtained  from  a  natural  source, 
or  by  means  of  surface  condensation. 

A  peculiar  deposit  of  an  unctuous  nature  has  been  found  to  clog 
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the  water  spacee  of  the  boilers  of  some  of  the  engines  in  which  sar- 
face  condensation  has  been  employed  That  deposit  consists  of  the 
grease  or  oil  used  to  lubricate  llie  cylinder,  partially  altered  and 
decomposed  It  can  be  obviated  by  introducing  little  or  no  grease 
or  oil  into  the  cylinder;  and  to  maJce  that  practicable,  the  surface 
of  contact  between  the  packing  of  the  piston  and  the  interior  of  the 
cylinder  must  be  lubricated  with  water.  In  order  that  a  small 
quantity  of  water  may  remain  in  the  cylinder  in  the  Uquid  state 
for  that  purpose,  the  heating  of  the  steam,  whether  by  means  of  a 
superheating  apparatus  or  of  a  steam  jacket  round  tiie  cylinder, 
must  not  be  carried  so  far  as  wholly  to  prevent  condensation  in  the 
cylinder.     On  this  pointy  see  Article  286,  page  396. 

322.  An  Bxicnwl  €3wmm  of  a  carbonaceous  kind  is  often  deposited 
from  the  flame  and  smoke  of  the  furnaces  in  the  flues  and  tubes, 
and  if  allowed  to  accumulate,  seriously  impairs  the  economy  of  fueL 
It  is  removed  from  time  to  time  by  means  of  scrapers  and  wire 
bi-ushes.  The  accumulation  of  this  crust  is  the  probable  cause  of 
the  fact,  that  in  some  steam-ships  the  consumption  of  coal  per 
indicated  horse-power  per  hour  goes  on  gradually  increasing,  nntil 
it  reaches  one  and  a-hidf  its  original  amount,  and  sometimes  more. 
The  following  is  an  example  of  that  increase,  from  an  ocean  steamer 
of  great  size  and  power  :•- 

Cotl  per  I.  H.-P., 
per  boor. 
Lbs. 

On  trial  trip, 3.5 

On  1st  day  of  voyage, 3*6 

On  5th  day, 468 

On  11th  day, 4-55 

On  26th  day, 532 

On  30th  day, 584 

On  32d  day, 4-65 

On  35th  day, 6'io 

The  increase  in  the  consumption  of  fuel,  although  not  absolutely 
continuous,  and  sometimes  even  reversed  to  a  small  extent,  is  still 
sufficiently  marked  to  prove  a  progressive  fitlling  off  in  the  efficiency 
of  the  ^imace  and  boiler. 

323.  iv«miHal  Mwne^mwwr  •f  B«llcn. — ^Boilers,  especially  those 
of  stationary  engines,  are  sometimes  stated  to  be  of  so  many  hone- 
power.  This  is,  in  fact,  a  conventional  mode  of  describing  the  dimen' 
siong  of  the  boiler,  according  to  an  arbitrary  rule.  The  rules 
employed  for  estimating  the  nominal  horse-power  of  boilers  have 
been  various,  and  most  of  them  vague  and  indefinite.  A  peifectly 
definite  rule,  however,  has  been  proposed  by  Mr.  Robert  Armstrong, 
as  being  founded  on  the  best  ordinary  practice,  vub :— - 
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Tc^  amecmproportumal  between  the  (vrea  oflhefire  groJbe  va  eqtuire 
feet,  cmd  the  area  of  the  effective  heating  awrface  in  eqiuire  yards. 

The  nomlDal  horse-power  of  the  boiler  is  generally  much  leas 
than  the  indicated  horse-power  of  the  engine,  to  which  it  bears  no 
fixed  proportion. 

Section  2. — ExampUe  ofFwmaeee  and  Boilere. 
324.  Waf«B  Boiler. — ^This  form  of  boiler,  which  is  suitable  for 


Fig.  116. 

low  pressure  steam  only,  was  introduced  by 
Boulton  and  Watt,  and  was  for  a  long  time 
the  most  generally  used  of  all  boilers.  A 
great  number  of  wagon  boilers  are  still  in 
use,  but  as  their  manufacture  has  been  almost, 
if  not  wholly,  given  up,  they  will  probably 
disappear  by  degrees. 

Fig.  116  is  a  longitudinal  section,  showing 
the  general  arrangement  of  the  principal 
appendages  of  the  boiler;  fig.  117  a  cross- 
section.      A   is  the  grate ;  B,  the  boiler; 


Fig.  117. 
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C,  C,  C,  C,  stay-rods;  D,  the  bridge;  N,  N,  flues.  The  flame  or 
furnace  gas  proceeds  from  the  furnace  over  the  bridge,  and  back- 
wards along  the  flue  below  the  boiler;  it  returns  forwards  along 
one  of  the  lateral  flues  N,  and  again  proceeds  backwards  along  the 
other  lateral  flue  to  the  chimney.  This  course  of  the  hot  gas  is 
called  a  wked-draught.  In  the  figure  the  boiler  has  no  internal  flue ; 
sometimes  there  is  a  cylindrical  internal  flue,  along  which  the  hot 
gas  returns  forwards,  and  then  divides  into  two  current-s,  which 
proceed  backwards  to  the  chimney  along  the  lateral  flues.  This  is 
called  a  split-draught, 

W  and  S  are  water-gauge  cocks;  M,  the  man-hole;  I,  the  steam 
pipe;  V,  the  safety  valve;  F  is  the  stone  float,  partially  counter- 
poised, whose  rising  and  falling  regulates  the  valve  for  the  admis- 
sion of  the  feed- water.  The  column  of  water  in  the  vertical  feed- 
pipe in  these  old  low-pressure  boilers  acts  as  a  pressure  gauge,  and  a 
float  on  the  surface  of  that  column  is  seen  to  be  connected  by  a 
chain  over  a  pulley  with  the  damper,  whose  opening  it  regulates. 

325.  CyUudrical  Mm^iBmded  Boiler. — ^This  boiler  oonsisfcs  simply 
of  a  cylindrical  shell  with  hemispherical  ends. 
Its  figure  is  very  favourable  to  strength  and 
safety,  with  a  high  pressure;  but  it  requires 
great  length  as  compared  with  other  boilers 
to  give  sufficient  heating  surface.  In  the  cross- 
section,  fig.  118,  A  is  the  grate,  occupying 
a  length  which  ought  not  to  exceed  about  six 
feet  under  the  front  end  of  the  boiler;  B,  the 
boiler;  D,  the  bridge,  made  concave  at  the 

Fig.  118.  top  so  as  to  be  parallel  to  the  bottom  of  the 

boiler ;  N,  N,  the  flues,  through  which  the  hot 
gas  forms  a  wlieel-dromght,  as  in  Article  324. 

This  boiler,  like  the  wagon  boiler,  is  sometimes  made  with  an 
internal  flue,  by  which  the  deficiency  of  heating  surface  compared 
with  capacity  is  to  a  certain  extent  made  up. 

A  serious  defect  of  the  cylindrical  boiler  with  the  furnace  below 
it  is,  that  the  bottom  of  the  boiler  where  sediment  collects  is  the 
part  exposed  to  the  most  intense  heat.  Unless,  therefore,  the  water 
used  is  of  uncommon  purity,  the  bottom  of  the  boiler  is  liable  to 
bum.  Cylindrical  boilers  are  sometimes  made  without  lateral  flues ; 
the  hot  gas  flowing  straight  along  the  bottom  of  the  boiler  from  the 
furnace  to  the  chimney.  This  arrangement  is  called  a  "flash 
flue."  It  requires  a  greater  length  for  a  given  heating  sur&ce  than 
any  other  form  of  boiler. 

326.  Retort  Boiler. — This  is  the  name  given  by  Messrs.  Dunn 
&  Hattersley  to  a  boiler  introduced  by  them,  in  order  to  obtain  the 
strength  of  the  cylindrical  egg-ended  boiler,  without  its  disadvan- 
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tages  in  point  of  compaictness,  economy  of  fuel,  and  durability.  It 
consists  of  a  number  of  small  cylindrical  egg-ended  shells  laid  side 
by  side,  parallel  and  horizontally,  above  the  furnace  and  flues ;  these 
contain  water  to  about  three-quarters  of  their  depth,  and  in  them 
the  boiling  takes  place ;  they  all  communicate  upwards  with  one 
long  cylindrical  egg-ended  shell  which  acts  as  a  steam  chest,  and 
below  with  another  which  serves  as  a  sediment  collector. 

327.  CyliiMiricai  Better  with  SMteiv. — This  is  called  in  Britain 
the  "  French  boiler,"  from  being  much  used  in  France.  In  France 
it  is  called  "chaudiere  a  bouilleurs."     Fig.  119  shows  a  lonsntudi- 


Fig.  119. 

nal  section  of  the  furnace  and  flues,  and  side  elevation  of  the  boiler; 
fig.  1 20  shows  a  cross-section  of  the  boiler,  furnace,  and  flues. 

A  is  the  main  boiler  shell,  cylindrical,  with  hemispherical  ends; 
B,  B,  the  heaters,  or  "bouilleurs,*'  being  horizontal  cylindrical 
shells  of  smaller  diameter  than  the  main  shell,  having  their  back- 
ward ends  hemispherical  or  segmental,  and  their  forward  ends 
closed  by  covers,  so  as  to  serve  as  "  mud-holes "  for  the  clean- 
sing out  of  sediment  when  required ;  C  C  C,  C  C  C,  are  two  rows 
of  vertical  tubes,  which  connect  the  main  boiler  shell  with  the 
heaters.      D  is  a  horizontal  brick  partition,  at  the  level  of  the 
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upper  halves  of  the  heaters ;  E,  the  furnace ;  F  (fig.  120),  the 
passage  over  the  bridge  £nom  the  furnace  to  the  flame-bed. 
The  space  above  the  horizontal  partition  D 
is  divided  hy  two  parallel  brick  partitions, 
oocupjing  the  intervals  of  the  two  rows  of 
vertioal  tubes,  into  three  parallelflues,  H,  G,  £L 
L  is  the  chimney ;  M,  the  damper ;  d  is  the 
glass  water-gauge  in  fix>nt  of  the  boiler.  On 
the  top  of  ilie  main  shell  are  seen  the  man- 
hole, safety  valves,  and  other  appendagea  In 
fig.  119,  at  the  back  of  the  furnace,  is  seen 
one  of  a  row  of  curved  passages,  opened  and 
closed  by  a  sliding  valve,  for  admitting  jets  of 
air  above  the  fuel  through  holes  in  the  front 
of  the  bridge ;  at  the  front  of  the  frimace  is 
seen  a  dead-plate. 

The  flame  and  hot  gas  pass  backwards 
through  F;  then  forwards  tlux>ugh  O;  then 
by  a  "split-draught,"  backwards  through 
the  lateral  flues  H,  H ;  and  then  to  the 
chimney. 

This  boiler  is  considered  both  safe  and 
efficient  In  France  the  heaters  and  con- 
necting tubes  are  often  made  of  cast  iron  ; 
in  Britain  that  material  is  considered  unsafe 
for  boilers. 

328.  The  CmtuMi  B«iier  in  its  simplest 
form  consists  of  a  horizontal  cylindrical  shell  B  (fig.  121),  wi^  an 
internal  cylindrical  flue,  whose  diameter  is  i^ths  of  thuat  of  the 
shell  or  thereabouts.  In  the  front  end  of 
that  flue  is  situated  the  internal  furnace, 
of  which  A  is  the  grate,  and  D  the  bridge. 
The  external  flues  may  be  arranged  either 
for  a  split- draught  or  a  whed-draught. 
The  figure  shows  the  arrangement  for  a 
split-draught.  The  current  of  furnace  gas, 
ailer  having  passed  backwards  over  the 
bridge  and  along  the  internal  flue,  divides 
into  two  streams,  which  pass  forwards  along  the  side  flues  E,  £; 
then  those  streams  re-unite,  and  pass  backwards  along  the  bottom 
flue  F  to  the  chimney.  In  this  form  of  boiler  the  furnace  gas 
takes  a  descending  course,  of  which  the  advantages  have  been 
stated  in  Articles  220  and  313;  the  bottom  of  the  boiler,  where 
the  feed-water  first  mingles  with  the  rest,  and  where  deposit  tends 
to  settle,  is  the  coolest  portion;   and  the  hottest  portion  {tkke 


Fig.  120. 


Fig.  121. 
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ciown  of  the  frmiace)  is  near  the  sur&ce,  where  the  eteam  is 
given  o£  All  these  circumstances  are  favourable  to  durability 
and  economy. 

The  crown  of  the  furnace,  and  a  portion  of  the  top  of  the  flue 
beyond  the  bridge,  are  sometimes  lined  with  a  brick  arch,  to  pre- 
vent the  flame  from  being  cooled  and  extinguished  by  contact  with 
the  plates  of  the  boiler  before  the  combustion  of  Uie  coal  gas  is 
completa 

The  part  of  the  internal  flue  behind  the  bridge  is  sometimes  made 
a  little  narrower  than  the  part  which  contains  the  furnace. 

Boilers  of  this  class  have  in  many  cases  given  way  by  the  collaps- 
ing of  the  internal  flue.  The  prindplee  upon  which  the  strength 
of  that  flue  depends,  discovered  by  Mr.  Fairbaim,  have  been 
explained  in  Article  67,  pages  70,  71. 

The  dotted  circle  0  represents  a  heater,  or  horizontal  water-tube, 
like  those  of  the  French  boiler,  which  is  sometimes  placed  within 
the  internal  flue  of  the  Cornish  boiler,  in  the  part  behind  the 
bridge.  It  is  connected  by  one  or  more  vertical  water-tubes,  with 
the  water-space  at  the  bottom  of  the  main  boiler,  and  by  a  siphon- 
shaped  tube,  beyond  the  backward  end  of  the  main  boiler,  with  the 
steam-space  at  the  top. 

329.  CyliBdrical  D^Bble-Famace  Boiler. — A  cross-section  of  a 
boiler  of  this  class  is  shown  in  ^g.  122.  The 
boiler  consists  of  a  cylindrical  shell,  with  a  pair  of 
similar  and  parallel  internal  flues,  whose  diame- 
ter is  i%ths  of  that  of  the  shell,  or  thereabouts. 
Each  of  these  flues  contains  in  its  front  end 
an  internal  furnace,  like  that  of  the  Cornish 
boiler.  Those  furnaces  are  fired  alternately,  in 
order  to  promote  complete  combustion,  as 
stated  in  Article  230,  page  282.  The  external  flues  form  either  a 
wheel-draught  (as  shown  in  ^g.  122),  or  a  split-draught  (as  shown 
in  fig.  121). 

In  one  form  of  this  boiler  the  two  internal  flues  run  parallel  to 
each  other  from  end  to  end  of  the  boiler.  This  prevents  the  mixing 
of  the  gases  from  the  two  furnaces  until  they  have  been  considerably 
cooled ;  and  to  remedy  that  defect^  in  some  boilers  a  series  of  trans- 
verse tubes  have  been  introduced,  at  and  near  the  bridges,  to  make 
an  early  communication  between  the  two  currents  of  furnace  gas. 

In  another  form,  the  two  flues  unite  into  one  at  a  short  distance 
behind  the  bridges,  so  that  the  entire  combination  of  flues  has  a 
forked  shapa  The  combustion-chamber  where  the  flues  unite,  is 
sometimes  strengthened  against  collapsing  by  means  of  vertical 
water-tubes  traversing  it,  and  acting  as  hollow  pillars  or  struts,  to 
keep  the  top  and  bottom  asunder. 
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Fig.  123. 


330.  CfUBdHcal  DMble-FanuMW  Tabakur  Boiler. — This  boiler, 
introduced  by  Mr.  Fairbaim,  is  like  a  forked-flue 
boiler,  in  which,  for  the  single  part  of  the  inter- 
nal flues,  is  substituted  a  set  of  parallel  tubes. 
The  cross-section  of  the  two  furnaces  is  simikr  to 
fig.  122.  Fig.  123  is  a  horizontal  section  of  the 
boiler.  A,  A,  are  the  grates;  B,  B,  dead-pktes; 
D,  D,  bridges ;  E,  mixing-chamber  or  flame-chamber  ; 
F,  F,  front  tube -plate;  Gr,  tubes;  H,  H,  back  tube- 
plate,  and  backward  end  of  boiler.  According  to 
the  usual  proportions  of  this  boiler,  the  length  of  the 
tubes  is  about  one-half  of  the  total  length  of  the 
boiler.  It  has  external  flues,  like  the  boiler  of  the 
last  Article. 

331.  iHarbie  FUie  Boiler*,  as  stated  in  Article  305,  are  of  a  shape 
approximating  to  rectangular,  with  the  comers  more  or  less 
rounded,  and  the  top  more  or  less  arched :  strength  to  resist  inter- 
nal pressure  is  given  by  stays  and  ribs.  Each  boiler  usually  contains 
two  or  more  internal  ^maces,  of  an  oblong  rectangular  shape,  often 
arched  at  the  top  also.  These  furnaces  stand  in  a  row  within  the 
boiler,  near  its  bottom.  The  bridges  are  sometimes  water-spaces, 
but  are  more  generally  of  fire-brick.  The  remainder  of  the  interior 
of  the  boiler-shell,  up  to  within  about  ten  inches  or  a  foot  of  the 
proper  water-level,  contains  a  set  of  flues,  of  a  form  of  section  nearly 
rectangular  with  rounded  comers.  One  of  these  flues  starts  from 
each  of  the  furnaces,  and  takes  a  winding  course  within  the  boiler, 
according  to  the  judgment  of  the  designer.  Finally,  all  the  flues 
unite  in  an  ascending  flue  called  the  "uptake,"  which  leads  to  the 
chimney.  The  steam  chest  is  usually  a  rectangular  or  cylindrical 
box,  sometimes  with  a  hemispherical  dome,  enveloping  the  upper 
|)art  of  the  uptake  and  lower  part  of  the  chimney,  so  that  the  steam 
may  be  dried^  and  in  some  cases  partially  superheated. 

The  variety  of  forms  and  arrangements  of  flues  in  marine  boilers 
is  such  as  to  defy  classification.  One  of  the  most  remarkable  forms 
is  the  spiral  flue,  winding  round  a  vertical  axis  through  the  water- 
space  and  steam -space,  which  latter  ascends  to  a  considerable 
height,  in  order  to  dry  and  superheat  the  steam  eflectually:  an 
invention  of  Mr.  John  Elder.  The  chimneys  of  marine  boilers  are 
Kometimes  made  to  lengthen  and  shorten  like  the  tube  of  a  tele- 
scope, so  that  they  can  be  lowered  when  the  vessel  is  going  under 
sail  only. 

332.  marine  Tabalar  BoUen. — The  general  arrangement  of  parts 
in  this  class  of  boilers  is  shown  in  fig.  124,  which  is  a  longitudinal 
section,  showing  onefu/maoe,  with  its  flue,  tubes,  and  communica- 
tion with  the  uptake  and  chimney.     Any  required  number  of  such 
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fiirnaces,  according  to  the  breadth  of  the  boiler,  may  \ye  ranged  side 
by  side  within  the  boiler.  A,  A,  is  the  grate;  B,  the  dead-plate; 
C,  the  ash-pit;  D,  the  bridge;  E,  the  rising  flue,  flame-chamber,  or 
"  back  uptake;"  F,  F,  F,  F,  the  tube-plates  and  tubes;  G,  G,  the 


Fig.  124. 

uptake,  having  doors  in  front  for  the  removal  of  soot  and  other  dirt, 
and  for  access  to  the  tubes  to  cleanse  or  repair  them;  H,  the 
chimney.  The  figure  shows  a  few  of  the  stay-rods  within  the 
boiler. 

In  the  figure,  the  tubes  are  represented  as  horizontal ;  they  are 
often,  however,  made  to  have  a  slope,  parallel  or  nearly  parallel  to 
that  of  the  grate-bars.  The  height  from  the  furnace-crown  to  the 
lowest  row  of  tubes  should  be  si^cient  to  allow  the  space  between 
them  to  be  cleansed. 

The  most  usual  diameter  of  marine  boiler  tubes  is,  as  formerly 
mentioned  in  Article  305,  three  inches;  they  are  sometimes,  however, 
used  of  smaller  diameters,  ranging  down  to  1^  inch  internal  dia- 
meter. 

333.  Detached-Faiteace  B«iier. — ^This  has  already  been  mentioned 
in  Article  228,  page  279;  Article  230,  page  283;  and  in  Articles 
303,  304,  and  310,  pages  449,  450,  and  458.    Fig.  125  is  a  horizontal 
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section  of  a  double  furnace  of  this  kind,  used  at  St  Rollox,  showing 
a  small  portion  of  the  boiler;  fig.  126  is  a  cross-section  of  the  fur- 
nace ;  fig.  127  a  cross-section  of  the  boiler  and  flues.  These  three 
figures  are  on  a  scale  of  iJr  of  the  real  dimensions ;  A,  A,  are  the 


Fig.  127. 


Fig.  126. 


dead-plates;  B,  B,  the  grates;  C,  the  brick  partition  between  the 
two  grates  and  their  ash-pits;  D,  D,  au>spaces  in  the  brickwork  of 
the  sides  and  roof  of  the  furnace,  to  resist  the  conduction  of  heat ; 
K,  flame-chamber,  tapering  so  as  to  join  the  internal  flue  £,  of  the 
boiler;  F,  F,  side  flues;  G,  bottom  flue. 

Fig.  128  is  a  longitudinal  section  of  a  mouthpiece  and  dead- 
plate,  showing  the  heap  of  dross  which  acts  as  a  fire- 
door  (see  Article  310),  and  the  air-holes  in  the  thickness 
of  the  top  of  the  mouthpiece.  Fig.  129 
is  a  front  view  of  the  mouthpiece,  show- 
ing the  air-holes.  These  two  figures  are 
on  a  scale  of  rr  of  the  real  dimensiona 

In  some  of  the  boilers,  the  internal 
flue,  instead  of  traversing  the  boiler  from 
end  to  end,  is  of  a  T-shape  at  the  back- 
ward end,  the  two  branches  leading  into  the  two  side  flues  F,  F. 
In  others,  there  is  a  single  cylindri(»I  flue  for  half  the  length  of  the 
boiler,  and  a  set  of  tubes,  as  in  fig.  123,  page  474,  for  the  other 
half  of  the  lengtL  These  forms  of  flue  were  introduced  by  Mr. 
John  Tennent. 

334.  niM«lluie«afl  Wmnmm  •€  B«iicr« — ^Various  kinds  of  boilers^ 
presenting  great  diversities  of  form  and  arrangement,  have  already 
been  incidentally  mentioned  and  described  generally,  such  as  Mr. 
Craddock's  boiler  (Articles  303,  305,  313,  315).  With  reference 
to  this  boiler,  it  may  here  be  added,  that  the  vertical  water^tubes 
have  a  portion  slightly  curved^  in  order  that  when  expanded  bj 
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heat,  theymaj  yield  cddeways,  and  not  strain  the  framework  of  the 
boiler.  The  Earl  of  Dundonald's  boiler,  mentioned  in  Article  234, 
Example  X.,  consists  of  a  shell  like  that  of  a  marine  flue-boiler, 
but  somewhat  longer  and  lower.  Within  that  shell  are,  the  fur- 
nace, the  flame-chamber,  and  the  uptake,  all  at  the  same  or  nearly 
the  same  level  The  flame  passes  from  the  tap  of  the  fiimaoe  into 
the  top  of  the  fliame-chamber,  which  is  traversed  by  a  great  number 
of  vertical  water-tubes :  from  the  bottom  of  this  chamber  the  hot 
gas  passes  into  the  uptake,  in  contact  with  which  is  a  steam  chest 
communicating  at  its  top  with  the  top  of  the  boiler.  At  the 
passage  of  communication  is  a  centrifugal  fsin,  so  placed  as  to  throw 
the  spray  that  is  mixed  with  the  steam  back  into  the  boiler. 

Amongst  vertical  tube  boilers  may  be  mentioned  one  of  Mr. 
David  Napier's,  which  has  been  used  to  some  extent  in  practice. 
The  shell  is  cylindrical  and  vertical,  with  a  hemispherical  top. 
Within  it  is  a  vertical  cylindrical  flame-chamber,  and  within  the 
flame-chamber  are  numerous  vertical  water-tubes,  communicating 
above  with  the  steam  space  at  the  top  of  the  boiler,  and  below 
with  a  flattened  hollow  disc,  or  '^  pan,"  which  is  above  the  fire,  and 
is  connected  by  horizontal  tubes  with  the  surrounding  annular 
water  roace. 

The  locomotive  boiler  will  be  illustrated  along  with  the  engine,  in 
the  next  chapter. 
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CHAPTER  V. 

OF  THE  MECHAXISlf  OF  STEAlf  EN0IKE8. 

SEcrnoN  1. — OfUie  Meclumism  of  Steam  EngiJies  in  general, 

335.  EagfMM  Clsaaed. — All  steam  engines  maj  be  divided  into 
two  great  classes,  according  as  tbej  are  or  are  not  provided  with 
apparatus  for  condensing  the  steam  at  a  pressure  lower  than  the 
atmospheric  pressure;  that  is  to  say,  with  a  low  pressure  eandensary 
and  its  appendages.     These  classes  are — 

I.  Conderuntig,  or  low  pressure  engines, 

II.  Nonr condensing y  or  high  pressure  engines. 

The  diffei^ence  between  those  two  classes  of  engines,  in  so  &.r  as 
it  affects  the  efficiency  of  the  steam,  has  been  treated  of  already  in 
Article  280,  pages  381,  382,  383,  and  in  Article  289,  pages  410, 
411.  The  kind  of  locomotive  mentioned  in  Article  412,  which 
condenses  part  of  its  waste  steam  at  the  atmospheric  pressure, 
belongs  more  properly  to  the  second  class  than  to  the  first 

Engines  of  the  second  class  are  on  the  whole  less  economical 
of  fuel  than  those  of  the  firwt  class;  but  as  they  have  fewer  parts 
and  occupy  less  space,  they  are  much  used  where  simplicity  and 
compactness  are  considered  of  more  importance  than  economy  of 
fuel. 

A  second  mode  of  classing  steam  engines  is  founded  on  the  mode 
in  which  the  steam  acts  upon  the  piston,  and  is  as  follows : — 

I.  Single  acii7ig  engines,  in  which  the  steam  performs  its  work 
by  its  action  on  one  side  of  the  piston  only. 

II.  Double  acting  engines,  in  which  the  steam  exerts  energy  on 
either  side  of  the  piston  alternately. 

III.  liotalory  engines,  in  w^hich  the  steam  drives  a  revolving 
piston  round. 

The  way  in  which  the  difference  between  single  and  double  act- 
ing engines  affects  the  calculation  of  the  power  has  already  been 
explained  in  Article  43,  page  50,  and  referred  to  in  Article  2C0, 
pages  333,  334,  Article  263,  page  339,  and  elsewhere. 

A  third  mode  of  classification  distinguishes  engines  into^ 
I.  Non-rotative,  in  which  no  continuous  rotation  is  produced,  as 
iu  single  acting  pumping  engines,  steam  hammers,  and  direct  acting 
beetling  machines. 
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II.  Rotative  engines,  in  which  the  motion  is  finally  commuui- 
cated  to  a  continuously  rotating  shaft. 

Rotative  engines  are  now  the  most  common.  Non-rotativq 
engines  ai^e  exceptional 

A.f<mrth  mode  of  classing  engines  is  founded  on  their  purposes, 
as  follows : — 

I.  StcUionary  engines,  such  as  those  used  for  pumping  water,  for 
diiving  manufacturing  machineiy,  &c 

II.  Portable  engines,  which  can  be  removed  from  place  to  place, 
but  are  stationary  when  at  work. 

III.  Marine  engines,  for  propelling  vessels. 

IV.  Locomotive  engines,  for  propelling  vehicles  on  land. 
Stationary  engines  exist  of  all  the  classes  belonging  to  the  three 

previous  modes  of  classification.  Portable  engines  are  usually  non- 
condensing,  to  save  space,  and  to  adapt  them  to  situations  where 
injection  water  cannot  be  obtained  in  sufficient  quantity.  Most  of 
them  are  also  double  acting  and  rotativa  Marine  engines  are  in 
general  condensing,  double  acting,  and  rotative.  Locomotive  engines 
are  almost  all  non-condensing,  and  all  double  acting  and  rotative. 

336.  NMHiaal  B[«ne-powcr  is  a  conventional  mode  of  describing 
the  dimensions  of  a  steam  engine,  for  the  convenience  of  makers 
and  purchasers  of  engines,  and  bears  no  fixed  relation  to  indicated 
or  to  ^ective  horse-power. 

The  mode  of  computing  nominal  horse-power,  established  amongst 
dvil  manufiicturers  of  steam  engines  by  the  practice  of  Messrs. 
Boulton  and  Watt,  is  as  follows : — 

Assume  the  velocity  of  the  piston  to  be  128  feet  per  minute 
X  cube  root  of  length  of  stroke  in  feet; 

Assume  the  mean  effective  pressure  to  be  7  lbs.  on  the  sc^uare 
inch; 

Then  compute  the  horse-power  from  those  fictitious  data,  and  the 
area  of  the  piston ;  that  is  to  say. 


Nominal  H.-P.  =  7  x  128  x  jy  stroke  in  feet 
X  area  of  piston  in  square  inches  -r  33,000 

_  jy  stroke  in  feet  x  area  piston  in  inches 
47  nearly 
_  ty  stroke  in  feet  x  diam.^  in  inches 
~  60  ~  ' 


(1.) 


The  indicated  power  of  different  engines  usually  exceeds  the 
nominal  j)ower  as  computed  by  the  above  rule  in  proportions  rang- 
ing irom  1^  to  5. 

In  the  rule  established  by  tlie  Admiralty  for  computing  nominal 
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horse-power,  the  reo/  vdocUy  of  the  piHon  is  taken  into  aooount; 
but  the  fiaUums  ^ecUve  prssmre  of  7  lbs.  on  the  square  inch  ia 
assumed;  consequently,  by  the  Admiralty  rule, 

Nominal  H.-P.  =  velocity  of  pi^n  in  feet  per  minute 
X  area  of  piston  in  inches  x  7  -s-  33,000 
_  velocity  in  feet  per  min.  x  diam.*  in  inches  .^  . 

"  6000  ^  ^^ 

The  indicated  power  of  marine  engines  ranges  firom  (moe  to  three 
times,  and  is  on  an  average  about  tvnoe  the  nominal  power  as  com- 
puted by  the  Admiralty  rule. 

Both  the  civil  rule  and  the  Admiralty  rule  for  computing  the 
power  of  engines  are  applicable  to  low  pressure  engines  eJone.  For 
high  pressure  engines  there  is  a  customary  rule  proposed  by  Mr. 
Bourne,  which  consists  in  assuming  the  effective  pressure  to  be  21 
lbs.  per  square  inch,  the  other  data  being  the  same  as  in  the  rule 
for  low  pressure  engines. 

337.  Kaaaieimtltfa  •€  ifce  Prtactpia  Parte  mt  aa  Easlae. — L  The 
boiler  and  cylinder  are  connected  by  means  of  the  9team  pipe^  in 
which  is  the  stop  valve,  already  mentioned  in  Article  305,  Divi- 
sion XL:  also,  the  throtUe  valve  or  regulator,  for  adjusting  the 
opening  for  the  admission  of  steam  to  the  cylinder,  which  in  some 
engines  is  regulated  by  hand,  and  in  others  by  a  govenwr^  as  to 
wUch  see  Articles  55,  56,  page  63, 

IL  The  steam  pipe  contains  sometimes  also  the  cutoff  valve  or 
expansion  valve,  for  cutting  off  the  admission  of  the  steam  to  the 
cylinder  at  any  required  period  of  each  stroke  of  the  piston,  leaving 
the  remainder  of  the  stroke  to  be  performed  by  the  expansion  of 
the  steam  already  admitted. 

IIL  The  cylinder  may  be  single  or  double  acting.  In  a  single 
acting  engine,  the  piston  is  forced  in  one  direction  by  the  pressure 
of  the  steam,  and  made  to  return  in  the  opposite  direction  when 
the  steam  is  discharged  by  the  action  of  a  weight  or  counterpoise. 
In  a  double  acting  engine,  the  piston  is  forced  in  either  direction 
by  the  pressure  of  the  steam  which  is  admitted  and  discharged  at 
either  end  of  the  cylinder  alternately. 

lY.  The  admission  and  discharge  of  the  steam  take  place 
through  openings  near  the  ends  of  the  cylinder,  called  ports,  con- 
nected with  passages  called  nozzles,  which  are  opened  and  closed  by 
indtustion  and  eduction  valves.  Sometimes  the  induction  and 
eduction  valves  are  combined  in  one  valve,  called  a  dide  valve. 
The  valves  are  contained  in  the  valve-chest. 

Y.  In  non-condensing  engines  (conventionally  called  high  pre8»ure 
engines),  the  waste  steam  discharged  from  the  cylinder  escapes  into 
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the  atmoepbere  through  the  Hast  pipe;  in  locomotive  engines^  as  well 
as  some  others,  the  blast  pipe  is  placed  in  the  centre  of  the  chimney, 
so  that  the  successive  blasts  of  steam  discharged  from  it  augment 
the  draught  of  air  through  the  furnace,  and  cause  the  combustion 
of  the  fuel  to  be  more  or  less  rapid,  according  as  the  engine  is  per- 
forming more  or  less  work. 

YL  The  cylinder  cover  has  in  it  a  tivffim/g-hox  for  the  passage  of 
the  piston  rod;  in  large  engines  there  are  sometimes  more  than  one 
piston  rod  and  stuffing-box,  and  s<>metimes  a  tubular  piston  rod, 
called  a  trunk.  The  cylinder  cover  is  also  provided  with  a  grease 
cock^  to  supply  the  piston  with  unguent 

YIL  In  many  large  engines,  there  is  a  spring  safety  valve, 
called  an  escape  valve,  at  each  end  of  the  cylinder ;  the  chief  use  of 
which  is  to  discharge  water  which  may  condense  in  the  cylinder,  or 
be  carried  over  in  the  liquid  state  from  the  boiler,  by  what  is  called 
priming, 

YIII.  To  prevent  condensation  in  the  cylinder,  it  is  sometimes 
enclosed  in  a  casing,  called  a  jacket^  the  intermediate  space  being 
fdled  with  hot  steam  from  the  boiler,  or  hot  air  from  a  flue  (see 
Article  286). 

IX.  Outfflde  the  jacket,  to  prevent  loss  of  heat  externally,  there 
is  a  clothing  of  felt  and  wood. 

X.  Double  cylinder  engines  have  two  cylinders ;  the  steam  being 
admitted  from  the  boiler  into  the  first  cylinder  and  then  filling  the 
second  by  expansion  from  the  first 

XL  The  ordinary  condenser  is  a  steam  and  air-tight  vessel  of  any 
convenient  shape,  in  which  the  steam  discharged  from  the  cylinder 
is  liquefied  by  a  constant  shower  of  cold  water  from  the  rose-headed 
injection  valve. 

XII.  In  land  engines  the  injet^ion  toater  comes  from  a  tank  called 
the  cold  weU,  surrounding  the  condenser,  and  supplied  by  the  cold 
uxUer  pump;  in  marine  engines,  it  comes  directly  from  the  sea. 

XIIL  In  the  surface  condenser  the  steam  is  liquefied  by  being 
passed  through  tub^  or  other  narrow  passages  surrounded  by  cur- 
rents of  cold  water,  or  cold  air. 

XIY.  The  condenser  is  provided  with  blow-through  valves,  com- 
municating with  the  cylinder,  usually  shut,  but  capable  of  being 
occasionally  opened,  and  with  a  snifiing  valve  opening  outwards  to 
the  atmosphere ;  through  these  valves  steam  can  be  blown  to  expel 
air  from  the  cylinder  and  condenser  before  the  engine  is  set  to 
work. 

XY.  The  condenser  has  also  a  vacufum  gauge,  to  show  how  much 
the  pressure  in  it  falls  below  that  of  the  atmosphere  (see  Article 
107  A,  pages  110,  111,  112). 

XYL   The  water,  the  smaU  portion  of  steam  which  remains 
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imoondensed,  and  the  air  which  may  be  mixed  with  it,  are  socked 
£rom  the  condenser  by  the  wr  pwmp,  and  diadiai^ed  into  the  hot 
fodly  a  tank  &om  whidbi  the  feed  pump,  mentioned  in  Articles  30d 
and  316,  draws  the  supply  of  water  from  the  boiler.  The  surplus 
water  of  the  hot  well  in  land  engines  is  discharged  into  a  pond, 
there  to  cool  and  form  a  stoi-e  of  water  for  the  cold  well;  in  mazine 
engines,  it  is  ejected  into  the  sea. 

XYII.  In  all,  except  certain  peculiar  classes  of  engines,  there  is 
a  pomMd  motion  for  guiding  the  head  of  the  piston  rod  to  move  in 
a  straight  line,  consisting  either  simply  of  straight  cheeks  or  guides, 
or  of  a  combination  of  levers  and  linkwork,  invented  by  Watt^  and 
more  or  less  modified  by  others. 

XYIIL  The  peculiar  class  of  engines  above  excepted,  are — first, 
trv/nk  engines  (including  Mr.  Hunt's  Z  crank  engine),  where  the  stuff- 
ing-box is  the  guide;  secondly,  oacUlcUing  engines^  in  which  the  head 
of  the  piston  rod  is  directly  connected  with  the  crank,  and  the 
cylinder  oscillates  on  trunnions;  thirdly,  dioc  engines,  in  which  the 
functions  of  a  cylinder  are  performed  by  a  vessel  of  the  figure  of  a 
spherical  zone,  and  those  of  a  piston  by  a  disc  having  a  motion  of 
nutation  in  that  zone;  and  fourthly,  rotatory  engines,  in  which  the 
piston  revolves  round  an  axi&  Trunk  engines  and  oscilXatoir 
engines  are  of  common  occurrence  in  steam-shipa  The  Z  crank 
engine  has  not  been  tried  on  a  large  scale.  Disc  engines  are  said 
to  answer  well,  but  are  of  rare  occurrence.  Botatory  engines  of 
various  kinds  have  been  often  tried,  but  seldom  with  good  results. 

yiX.  lu  single  acting  engines  for  pumping  water,  the  pump 
rods  are  worked  either  by  direct  connection  with  the  piston  rod,  or 
through  the  intervention  of  a  beam. 

XX.  In  double  acting  engines,  the  power  is  communicated  to  a 
revolving  shaft,  driven  by  means  of  a  crank  and  oonneoUng  rod,  with 
or  without  the  intervention  of  a  beam,  (In  oscillating  engines  the 
piston  rod  and  connecting  rod  are  one). 

XXI.  In  stationary  engines  the  shaft  carries  ^kfly-wked,  to  dis- 
tribute and  equalize  irregularities  in  the  action  of  the  power  by  its 
inertia;  this  function  is  performed  in  marine  engines  by  the  inertia 
of  the  paddle-wheels  or  screw,  and,  in  locomotive  engines,  by  the 
inertia  of  the  driving-wheels  and  of  the  engine  itself. 

XXII.  The  feed  pump,  and  other  pumps  which  are  appendages  of 
the  engine,  are  worked  by  the  mechanism;  so  also  are  the  induction 
and  eduction  valves,  through  what  is  called  the  fxtl/ce  gearing  or 
valve  motion — a  part  of  the  machinery  which  is  under  the  control  of 
the  engineman,  and  so  contrived  as  to  enable  him  to  stop  and 
reverse  the  motion  of  the  engines  at  will,  and  whose  forms  are  very 
various. 

338.  c^iibiMd  BBstaes. — Most  marine  and  locomotive  engines, 
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and  many  stationary  engines,  have,  in  order  to  equalize  the  action 
of  the  power,  a  ^vr  of  cranks  at  right  angles  to  each  other,  driven 
by  a  jtoMr  of  pistons  in  a  jtiair  of  cylinders,  with  their  appendages ; 


484  STEAM  AND  OTHER  HEAT  ENGINES. 

and  are,  in  fact,  pairs  o/ejigines.  In  some  cases,  engines  are  simi- 
larly combined  in  sets  of  three,  driving  three  cranks,  which  make 
equal  angles  with  each  other.  As  to  the  effect  of  these  combina- 
tions on  steadiness  of  motion,  see  Article  52,  page  60. 

339.  Parte  mf  mi  Eoctoe  iiiaatrated. — Most  of  the  parts  enume- 
i-ated  in  Article  387  are  illustrated  in  fig.^  130,  which  represents  a 
longitudinal  section  of  a  roteUive  dovble-acting  stationary  condens- 
ing (or  low-pressure)  steam  engine.  That  kind  of  engine  is 
selected  because  the  arrangement  of  its  parts  is  well  suited  for 
exhibiting  nearly  all  of  them  at  one  view.  Amongst  the  parts 
omitted,  for  want  of  room,  the  chief  are  the  beam  and  the  parallel 
motion,  which  will  be  illustrated  farther  on.  The  main-centre,  or 
axis  of  the  beam,  is  above  the  pillar  D,  and  its  two  ends  are  respec- 
tively above  the  cylinder  A  and  shaft  L. 

A  is  the  cylinder,  with  its  jacket,  but  without  clothing,  which  is 
a  defect  in  the  engine  represented. 

B,  the  piston,  with  three  metallic  packing-rings.  In  the  figure 
the  piston  is  supposed  to  be  moving  downwards,  pressed  by  the 
frt«am  which  is  entering  above  it 

C,  the  piston  rod. 

D,  one  of  the  pillars  of  the  frama 
o,  steam  pipe,  with  throttle  valve. 
h,  valve  chest. 

c,  slide  valve,  of  the  kind  called  a  "D-slide'*  which  regulates  the 
"  distribution'^  of  the  steam — that  is,  its  alternate  admission  and 
dischaige  above  and  below  the  piston. 

d,  eldbaust-pipe,  leading  into 

E,  the  condenser. 

g,  injection  cock,  admitting  a  shower  of  cold  water  from  the  cold 
well,  or  cold  water  tank,  into  the  condenser. 

H,  air  pump,  the  piston  of  which  in  the  figure  is  supposed  to  be 
descending. 

K,  Hot  well 

G,  connecting  rod,  in  the  act  of  rising. 

L,  shaft;  L  M,  crank;  M,  crank  pin,  in  the  act  of  right-handed 
notation  (similar  to  that  of  the  hands  of  a  watch). 

N,  feed  pump,  drawing  water  from  the  hot  well  K.  In  the 
engine  represented,  the  supply  pipe  from  the  hot  well  to  the  feed 
pump  traverses  the  cold  well.  That  is  a  fault;  for  it  tends  to  heat 
the  condensation  water,  and  cool  the  feed  water. 

P,  feed  pipe  of  the  boiler. 

Q,  cold  water  pump. 

K,  eccentric  rod,  which  receives  a  reciprocating  motion  from  an 
eccentric  wheel  on  the  shaft  L,  and  communicates  that  motion  tu 
the  slide  valve  c. 
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S,  governor,  being  a  double  revolving  pendulum  of  the  kind  men- 
tioned in  Article  55,  page  63.  It  is  seen  to  act  on  a  small  lever 
whose  axis  turns  in  bearings  fixed  to  the  pillar  D.  The  links  and 
intermediate  levers  by  which  the  motion  of  that  lever  is  communi- 
cated to  the  throttle  v^lve  are  not  shown,  their  arrangement  being 
a  matter  of  convenience. 

Section  2. — 0/ Steam  Pasmges,  Ycdvea,  and  Valve  Gearing. 

340.  steam  PaMagM. — The  principle  which  ought  to  regulate 
the  size  of  the  steam  pipe,  and  of  all  passages  by  which  the  steam 
is  admitted  te  the  cylinder,  has  already  been  stated  in  Article  290, 
page  414,  viz.,  that  the  velocity  of  the  steam  should  not  be  greater 
than  100  feet  per  second,  or  6,000  feet  per  minute,  supposing  its 
density  to  be  the  same  in  the  steam  pipe  and  in  the  cylinder  during 
the  admission. 

To  permit  the  ready  escape  of  the  steam  during  the  back  stroke, 
the  exhaust  pipe  should  be  of  at  least  double  the  area  of  the  steam 
pipe. 

For  the  sake  of  simplicity,  it  is  an  almost  universal  practice  to 
make  the  steam  enter  and  leave  a  given  end  of  the  cylinder  through 
the  same  port.  Mr.  Joule  has  pointed  out  that  this  practice  tends 
to  the  waste  of  heat,  especially  with  high  rates  of  expansion; 
because  the  cool  expanded  steam,  in  escaping,  cools  the  metal  of 
the  port,  which  is  again  heated  at  the  expense  of  the  heat  of  the 
next  cylinderful  of  hot  steam  that  enters ;  and  all  the  heat  so  trans- 
ferred from  the  entering  to  the  escaping  steam  is  wasted.  Mr.  Joule 
therefore  recommends  the  use  of  separate  admission  and  exliauat 
ports. 

341.  Throttle  Taire. — Wlien  the  throttle  valve  is  controlled  by 
a  governor,  it  is  usually  a  disc-and-pivot  valve  (as  to  which,  see 
Article  119,  page  123,  and  fig.  40,  page  140,  U,  V);  because  that 
valve  is  easily  moved. 

A  throttle  valve  to  be  controlled  by  hand  may  be  a  disc-and- 
pivot  valve,  or  an  ordinary  slide  valve  moved  by  a  screw  (Article 
120,  page  124),  or  a  rotating  slide  valve  (Article  120,  page  125),  or 
a  coniwtl  valve  moved  by  a  screw  (Article  121,  pages  125,  126). 
The  last  named  form  of  throttle  valve  is  now  much  used  in  locomo- 
tive engines,  and  will  be  illustrated  in  a  subsequent  Article. 

342.  Conical  an4  ]>oabie  Beat  TalTCa.  —  In  Watt's  earlier 
engines,  conical  valves  with  vertical  spindles  (Article  112,  page 
118)  were  used  to  regulate  the  distribution  of  the  steam.  Now 
douhie  beat  valves  (Article  116,  pages  121,  122,  figs.  33,  34)  are 
used  in  all  cases  in  which  the  slide  valve  is  not  employed. 

In  a  single  acting  engine,  there  are  three  such  valves,  viz. : — 
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I.  The  Bbeam  wdve,  which  opens  at  the  beginmng  of  the  forward 
stroke  to  admit  steam  to  drive  the  piston,  and  closes  ixi  cul  off  the 
steam  at  the  proper  instant 

II.  The  e^u^ihrvwm,  valve,  which  is  closed  daring  the  forward 
stroke,  and  open  during  the  return  stroke,  the  expanded  steam 
being  then  trsuisferred  through  it  from  the  one  end  of  the  cylinder 
to  the  other. 

III.  The  e(hicUon  valve,  which  is  closed  during  the  return  stroke, 
and  open  during  the  forward  stroke,  to  let  the  steam  in  front  of 
the  piston  escape  to  the  condenser. 

In  a  double  acting  engine,  there  are  four  yalves,  one  pair  for 
each  end  of  the  cylinder,  and  each  of  these  pairs  consists  of — 

I.  A  9team  valve,  opening  at  the  beginning  of  each  forward 
stroke,  and  closing  to  cut  off  the  steam  at  the  proper  instant 

IL  An  eduction  valve,  closed  during  the  ferward  stroke,  and 
open  during  the  return  stroke,  to  let  the  steam  escape  to  ihe  con- 
denser. 

343.  piag  R«4  mmd  Tappetn. — ^The  motions  of  oonical  and  double 
beat  valves,  in  single  acting  engines,  and  in  some  double  acting 
engines  also,  are  produced  by  means  of  a  ^^plug  rod,"  which  hangs 
vertically  from  the  beam  of  the  engine,  near  the  cylinder,  and  rises 
and  falls  vertically  along  with  the  piston.  From  its  sides,  suitably 
formed  pins  and  bars  project,  whose  positions  can  be  adjusted  by 
screws;  and  these  projecting  pieces,  striking  levers  at  certain 
instants  in  the  course  of  each  stroke,  produce  the  required  motiou 
of  the  valves. 

In  single  acting  engines,  the  exhaust  valve  and  the  steam  valve 
are  not  opened  directly  by  the  action  of  the  plug  rod,  but  by  a 
piece  of  mechanism  called  the  "  cataract,*'  of  the  nature  of  a  pump 
brake,  already  referred  to  in  Article  50,  page  58.  It  consists 
principally  of  a  small  loaded  piston,  moving  in  a  vertical  cylinder 
which  contains  water  or  oil.  At  the  end  of  the  forward  stroke  of 
the  engine,  a  pin  projecting  from  the  plug  rod  lifts  the  cataract 
piston.  That  piston,  on  being  set  free,  descends  with  a  speed  which 
is  determined  by  the  degree  of  opening  of  the  regulating  cock 
through  which  the  liquid  below  it  is  discharged ;  and  towards  the 
end  of  its  descent  it  acts  successively  upon  two  catches  which 
liberate  weights  that  in  their  descent  open  the  exhaust  valve  and 
the  steam  valve.  Thus,  by  varying  the  opening  of  the  regulating 
cock  of  the  cataract,  the  engine  can  be  caused  to  make  more  or 
fewer  strokes  per  minute. 

The  arrangement  of  the  valve  motions  of  single  acting  engines 
may  be  varied  in  its  detail.  One  of  its  forms  will  be  illustrated  in 
a  subsequent  Article. 

344.  9U4e  TalTM»  on  account  of  the  simplicity  of  their  action. 
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and  smoothness  of  their  motion,  are  almost  universally  employed 
in  Europe  for  the  distribution  of  the  steam  in  double  acting  engine& 

The  seal  of  a  steam  engine  slide  valve  consists  usually  of  a  very 
accurate  plane  surfjEU^,  in  which  are  oblong  openings  or  pwrU. 
These  are  at  least  two  in  number;  one  communicating  with  each 
end  of  the  cylinder.  The  seat  of  the  short  slide  valve  has  a  third, 
or  exhaust  ^^ort,  between  the  first  two,  which  is  the  passage  for  the 
escape  of  the  exhaust  steam.  In  some  special  forms  of  engine 
the  ports  are  more  numerous  stilL 

The  hyn^  slide  valvt,  or  D-slide,  represented  by  c  in  fig.  130,  and 
by  figs.  131,  132,  and  133,  might  also  be  classed  as  a  sort  of  hollow 


Fig.  131. 


Fig.  132. 


Fig.  188. 


or  tubular  piston  valve;  for  the  back  of  the  valve,  which  is  semi- 
cylindrical,  is  made  to  move  steam-tight  at  its  top  and  bottom  in 
the  semi-cylindrical  valve  chest,  by  means  of  two  half-rings  of 
metallic  packing. 

Fig.  131  shows  a  vertical  se<ition  of  the  valve,  separate  from  the 
valve  chest  and  cylinder,  c,  c,  are  the  two  portions  of  which  its 
plane  face  consists :  at  its  back  near  the  top  and  bottom  are  seen 
sections  of  the  packing  half-rings.  The  valve  rod  is  shown  passing 
down  through  the  tubular  interior  of  the  valve,  and  attached  to  a 
cross  bar  at  the  bottouL  This  bar  is  flat  and  thin,  and  placed  with 
its  breadth  vertical,  so  as  to  contract  as  little  as  possible  the  passage 
through  the  interior  of  the  valve.  Figs.  132  and  133  are  vertical 
sections  of  the  cylinder,  valve  chest,  and  valve.  The  steam  is 
admitted  through  the  steam  pipe  and  throttle  valve  to  the  middle 
paii;  of  the  valve  chest,  which  surrounds  the  tubular  part  of  the 
valve.  The  two  ends  of  the  valve  chest  communicate  with  the 
condenser,  the  lower  end  directly,  and  the  upper  end  through  the 
interior  of  the  tubular  part  of  the  valve. 
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In  fig.  132,  the  valve  is  in  its  higlieat  position :  the  middle  part 
of  the  valve  chest  communicates  with  the  top  of  the  cylinder, 
admitting  steam  to  drive  the  piston  downward;  the  bottom  of  the 
cylinder  communicates  with  the  bottom  of  the  valve  chest,  and  so 
with  the  condenser. 

In  fig.  133,  the  valve  is  in  its  lowest  position :  the  middle  part  of 
the  valve  chest  communicates  with  the  bottom  of  the  cylinder, 
admitting  steam  to  drive  the  piston  upward:  the  top  of  the 
cylinder  commimicates  with  the  top  of  the  valve  chest,  and  thenoe 
through  the  tubular  interior  of  the  valve,  with  the  condenser. 

The  short  slide  valve  is  represented  in 
figs.  134,  135, 136, 137,  and  138.  Fig. 

134  is  a  longitudinal  section  of  the 
valve  and  its  seat  The  cylinder  is 
supposed  to  be  vertical :  d  is  the  slide 
valve;  a  the  upper  and  c  the  lower 
cylinder  port ;  6  the  exhaust  port, 
leading  sideways  to  the  condenser,  or 
to  the  air,  according  as  the  engine  is 
condensing  or  non*  condensing.     Fig. 

135  is  a  front  view  of  the  valve  seat 
and  ports;  ^g.  136,  the  face  of  the 
valve.     The  steam  is  admitted  from 

liv  .     BB  *^^  boiler  into  the  valve  chest,  round 

mid    "^^-fj  *^^  behind  the  valve.   In  fig.  134,  the 

r  f        fl^  valve  is  in  its  middle  position,  and 

I  I  both  the  cylinder  ports  are  closed.    In 

ud        L^  fig.  138,  the  valve  is  depressed  so  &r 

^        ^^  below  its  middle  position  as  to  open 

pjg  234  the  upper  port  for  the  admission  of 

steam  above  the  piston ;  while  at  the 

same  time  the  lower  port  is  connected  through  the  interior  of  the 

valve  with  the  exhaust  port,  so  as  to  allow  the  steam  from  below 

the  piston  to  escape  as  the  piston  descends.     In  fig.  137,  the  valve 

is  raised  so  high  above  its  middle  position  as  to  open  the  lower 

port  for  the  admission  of  steam  below  the  piston;  while  at  the 

same  time  the  upper  port  is  connected  through  the  interior  of  the 

valve  with  the  exhaust  port,  so  as  to  allow  lie  steam  from  above 

the  piston  to  escape  as  the  piston  rises. 

The  short  slide  valve  is  pressed  against  its  seat,  and  the  joint  between 
it  and  its  seat  kept  steam-tight,  by  the  excess  of  the  pressure  of  the 
steam  in  the  valve  chest  behind  the  valve,  which  comes  from  the 
boiler,  above  the  pressure  of  the  steam  in  the  interior  of  the  valve, 
which  communicates  with  the  condenser  or  with  the  atmosphere,  as 
the  case  may  be. 
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In  large  engines,  the  amount  of  that  difference  of  pressure,  over 
the  whole  area  of  the  fiace  of  the  valve,  would  be  unnecessarily  great, 


Fig.  188.  Fig.  187. 

causing  too  much  work  to  be  lost  in  overcoming  friction.  To 
diminish  its  amount  is  the  object  of  the  contrivance  called  the 
equilibrium  slide  valve,  in  which  the  interior  of  the  back  of  the 
valve  chest  is  a  time  plane,  parallel  to  that  of  the  valve  seat ;  and 
the  back  of  the  valve  is  provided  with  a  flat  brass  packing-ring, 
which  is  pressed  against  the  back  of  the  valve  chest  by  springa 
The  amount  of  the  pressure  of  the  valve  against  its  seat  due  to 
the  pressure  of  the  steam  from  behind,  is  the  product  of  the  inten- 
sity of  that  pressure  into  the  excess  of  the  area  of  the  &ce  of 
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the  valve  above  the  area  of  the  packing-ring  at  its  hack,  and  may 
be  reduced  to  any  required  amount,  how  small  soever,  bj  making 
that  ring  large  enough. 

345.  JBeeeairic—It  is  obvious  that  to  produce  the  proper  distri- 
bution of  the  steam  by  a  slide  valve,  whether  long  or  short,  the 
valve  must  have  a  reciprocating  motion  of  such  a  natiure  as 
to  bring  it  to  the  ends  of  its  stroke,  being  its  greatest  dlstaaces 
from  its  middle  position,  at  periods  intermediate  between  those  at 
which  the  piston  reaches  the  ends  of  its  stroke.  The  eooentxic  e 
(tig.  1 39),  which  is  used  to  give  that  motion,  is  a  fflicolar  disc  cai^ 
ried  by  the  shaft,  with  whose  axis  the  centre  of  the  disc  does  not 


Fig.  189. 


coincide.  It  is  equivalent  to  a  crank  whose  length  is  equal  to  the 
eccentric  radius;  that  is,  the  line  joining  the  centre  of  the  disc  and 
the  axis  of  the  shaft ;  and  being  encircled  with  a  hoop,  6,  at  one  end  of 
the  eccentric  rod,  a,  it  gives  to  that  rod  a  reciprocating  motion 
whose  length  of  stroke  is  the  double  of  the  eccentric  radius.  The 
eccentric  rod  is  either  directly  jointed  to  the  slide  valve  rod,  or  con- 
nected with  it  by  any  convenient  combination  of  levers  and  link- 
work.  One  such  arrangement  is  shown  in  figs.  137  and  138,  of 
Article  394,  where  c  is  the  piston  rod;  I,  the  connecting  rod;  ky  the 
crank;  m,  the  eccentric;  n,  the  eccentric  rod;  o,  p,  levers;  p  e,  a 
link ;  h,  the  slide  valve  rod. 

The  notch  opposite  the  letter  a,  in  fig.  139,  is  the  gctb  of  the 
eccentric  rod,  by  which  it  holds  a  pin  on  the  end  of  the  lever  that 
is  directly  driven  by  it  (as  o,  figs.  137,  138).  By  means  of  a 
handle  on  the  end  of  the  eccentric  rod,  the  gab  and  pin  can  be  dis- 
engaged and  re-engaged,  so  as  to  throw  the  valve  motion  ^^<mt  of 
gearing"  and  ^Hnto  gearing"  and  thus  make  the  slide  valve  stop  and 
resume  its  motion  when  required. 
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In  many  engines  a  different  contriTance  is  used,  called  the  *^link 
moiion"  to  be  afterwards  described. 

346.  B«T«ntttc  h7  the  lj«Me  BeceHtrie.~To  reverse  the  direction 
of  rotation  of  the  shaft  of  a  steam  engine,  the  piston  must  be  made 
to  come  to  rest  and  then  to  move  the  reverse  way,  before  complet- 
ing a  stroke,  and  the  eccentric  must  assume  that  position  relatively 
to  the  crank  which  is  proper  for  working  the  slide  valve  when  the 
rotation  of  the  shall  is  reversed.  That  position  (or  the  position  of 
bachoard  gear)  is  somewhat  less  than  half  a  drcumferenoe  from  the 
position  of  forwa/rd  gemry  measured  round  the  shaft  va  the  direction 
of  forwwrd  roUUion,  To  bring  the  eccentric,  therefore,  into  back- 
ward gear,  it  is  sufficient  to  cause  it  first  to  stand  still  while  the  shaft 
nearly  finishes  the  first  half-turn  backwards,  and  then  to  accom- 
pany the  shaft  in  its  rotation. 

In  most  stationary  engines,  and  many  marine  engines,  those 
objects  are  effected  by  having  the  eccentric  loose  on  the  shaft,  and 
so  counterpoised,  that  its  centre  of  gravity  shall  be  in  the  axis  of 
the  shaft;  but  prevented  firom  turning  completely  round  by  means 
of  two  shoulders,  one  of  which  holds  it  in  the  position  of  forward 
gear,  and  the  other  in  that  of  backward  gear;  care  being  taken  that 
the  motion  of  the  loose  eccentric  round  the  shaft  shall  be  fonoards 
to  go  from  forward  into  backward  gear,  and  backwards  to  go  £rom 
backward  into  forward  gear. 

To  reverse  an  engine  with  a  loose  eccentric,  the  gab  is  to  be  dis- 
engaged firom  its  pin  and  the  slide  valve  shifted  by  hand  if  neces- 
sary. When  the  shaft  has  made  part  of  a  turn  backwards  the  gab 
is  to  be  re-engaged. 

For  example,  in  fig.  137,  the  piston  is  rising,  and  the  shaft 
turning  toward  the  right.  To  reverse  that  rotation  the  gab  is  dis- 
engaged, and  the  slide  valve  shifted  into  the  position  shown  in 
tig.  138;  so  that  steam  from  the  boiler  being  admitted  to  press  on 
the  top  of  the  piston,  brings  it  to  rest  before  it  has  completed  its 
up  stroke,  and  then  drives  it  downwards,  so  as  to  make  the  shaft 
rotate  towards  the  left.  During  the  left-handed  rotation  the  eccen- 
tric stands  still  until  it  is  in  Uib  poeition^of  backward  gear :  then 
the  gab  is  re-engaged  with  its  pin,  the  slide  valve  resumes  its 
motion,  and  the  left-handed  rotation  goes  on  till  the  engine  is 
stopped,  or  reversed  again  by  the  same  process. 

According  to  a  mode  of  reversing  by  the  loose  eccentric,  used  by 
Messrs.  Randolph,  Elder,  &  Co.,  the  eccentric,  instead  of  standing 
still  till  the  engnie  has  turned  back,  is  made  by  a  combination  of 
wheelwork,  to  overtake  or  outrun  the  shaft  while  the  engine  is 
moving  forward,  until  it  reaches  the  position  of  reverse  gearing; 
and  the  reversal  of  the  motion  of  the  engine  follows. 

347.  Ijcad  and  lAp_Sxp«a«lM  hy  the  8U4e  Talre.  —  A    slide 
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valve  is  said  to  have  lead^  when  it  has  passed  beyond  the  middle  of 
its  stroke  or  throw  at  the  instant  when  the  piston  arrives  at  either 
end  of  its  stroke.  When  the  slide  valve  is  at  its  middle  posi- 
tion exactly  at  the  instant  of  the  arrival  of  the  piston  at  either  end 
of  its  stroke,  it  is  said  to  have  no  lead. 

The  amount  of  the  lead  may  be  measured  and  expressed  in  three 
ways,  viz: — 

I.  In  absolute  measure,  such  as  inches. 

IL  By  the  proportion  of  the  absolute  lead  to  the  half-throw  of 
the  slide  valve.     This  may  be  called  the  ratio  of  lead, 

III.  By  the  angle  at  which  the  eccentric  radius  stands  in  advance 
of  the  position  which  it  would  require  to  have  relatively  to  the 
crank,  in  order  to  make  the  middle  position  of  the  side  valve  occur 
at  the  same  instant  with  the  end  of  the  piston  stroke.  This  may 
be  called  the  angle  of  lead 

When  a  loose  eccentric  has  no  lead,  its  positions  of  forward  and 
backward  gear  are  half  a  circumference  apart.  When  it  has  lead« 
the  angle  between  those  positions  is  half  a  circumference  less  twice 
the  angle  of  lead 

If  the  eccentric  rod  is  so  long  relatively  to  the  eccentric 
radius,  that  the  effect  of  its  varying  obliquities  on  the  positions  of 
the  points  it  connects  may  be  neglected  in  practice,  the  following 
equation  is  sensibly  accurate: — 

Ratio  of  lead  =:Bme  of  angle  of  lead; (1.) 

and  in  other  cases  the  same  equation  always  gives  at  least  an 
approximation  to  the  truth. 

The  angle  of  lead  may  be  stated  either  in  degrees,  or  as  a  frac- 
tion of  a  revolution. 

The  lap,  or  cover,  of  a  slide  valve  at  one  of  its  edges  is  the  extent 
to  which  that  edge  overlaps  the  adjoining  edge  of  the  port  which 
it  covers  when  the  slide  valve  is  in  its  middle  position-  In  fig. 
134  of  Article  344,  the  slide  valve  has  a  very  small  and  nearly 
equal  extent  of  lap  at  each  of  its  four  edges;. 
Fig.  140  is  a  section  of  the  lower  half  of  a  verti- 
cal slide  valve  and  its  port  having  a  greater  extent 
of  lap ;  W  is  the  lower  port  of  a  cylinder;  X,  the 
lower  half  of  the  slide  valve,  in  its  middle  posi- 
tion; U  is  the  induction  aide,  and  V  the  edttc- 
lion  side  of  the  port;  C  is  the  induction  edge,  and 
Fig.  140.  p  the  eduction  edge  of  the  valve;  tTC  is  the  lap 

on  the  induction  side,  and  V  P  the  lap  on  the  eduction  side. 

The  upper  port  and  the  upper  half  of  the  valve  need  not  be 
shown   nor   specially  considered   for  the   present;  being  similar 


EXPANSION   BT  THE  SLIDE  VALVE. 


493 


in  figure  to  the  lower  port  and  lower  half  of  the  valve,  but 
inverted 

The  lap,  like  the  lead,  may  be  expressed  in  three  ways,  viz. : — 

I.  In  absolute  measure,  as  inches. 

II.  By  its  proportion  to  the  half-throw  of  the  slide  valve,  which 
may  be  called  the  ratio  ofla/p, 

III.  ^j  the  angle  through  which  the  eccentric  must  turn,  in 
order  to  shift  the  valve  from  its  middle  position  until  the  edge  of 
the  valve  whose  lap  is  considered  touches  the  edge  of  the  port — 
this  may  be  called  the  aTiglt  of  lap. 

When  the  obliquity  of  the  eccentric  rod  may  be  neglected,  we 
have,  sensibly, 


roHo  of  lap  =  sine  of  angle  of  lap,, 


.(2.) 


The  use  of  the  lead  and  lap  of  the  slide  valve  is  to  admit  the 
steam,  cut  off  the  admission,  and  cut  off  the  exhaust,  at  given 
instants  of  the  stroke  of  the  piston,  and  so  to  produce  expansive 
working  with  a  given  ratio  of  expansion,  and  to  compress  or 
cushion  a  given  proportion  of  the  expanded  steam  at  the  end  of  the 
return  stroke. 

Wlien  the  obliquity  of  the  connecting  rod,  as  well  as  that  of  the 
eccentric  rod,  r/iay  be  neglected,  the  following  are  methods  by  which 
the  proper  lead  and  lap  of  the  slide  valve  in  any  case  may  be 
determined : — 

First  Method  : — By  graphic  construction.  About  a  centre  O 
describe  a  circle  D  E  F  I,  and  draw  two 
diameters  at  right  angles  to  each  other, 
DTF,  E  L  Consider  D~F  as  represent- 
ing the  stroke  of  the  piston;  and  E  I 
(though  on  a  different  scale),  the  throw 
of  the  slide  valve ;  and  let  motion  of  the 
piston  ^m  D  to  F  be  considered  as  a 
forward  stroke. 

It  is  sometimes  considered  desirable 
to  begin  the  admission  of  steam  a  little 
before  the  end  of  the  return  stroke.  If 
so,  let  Q  represent  the  point  of  the 
return  stroke  where  the  admiedon  is  to  begin.  If  the  admission 
and  the  forward  stroke  are  to  begin  together,  Q  will  coincide 
with  D. 

Let  R  be  the  point  of  the  forward  stroke  where  the  steam  is  to  be 
cfiUoff, 

Let  T  be  the  point  of  the  return  stroke  where  compression  or 
cushioning  is  to  b%Ln^  by  cutting  off  the  exhaust.     As  to  the  prin- 
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ciplea  which  determine  that  point,  see  Article  291,  Division  TIL, 
page  420.  These  being  the  data,  the  solution  consists  of  two  part.s 
as  follows : — 

I.  To  find  the  angle  of  lead,  and  the  lap  on  the  induction  side: — 

Draw  Q  A,  R  G,  perpendicular  to  D  F,  cutting,  the  circle  in  A,  G ; 

measure  or  bisect  the  arc  A  G;  from  £  lay  off  the  equal  arcs  £  B, 

arc  AG 
£  H,  each  =  — ^ — ;  join  B  H,  which  will  be  parallel  to  D  F. 

Then 

Theangleoflead  =  ^AOB  =  .^GOH; (3.) 

Lap  on  the  induction  side  _  O  C  ,^  v 

half-throw  O^ 

II.  Tofiffid  ike  lap  on  the  eduction  side  ofid  the  point  o/rdease:— 
Draw  T  M  perpendicular  to  D  P,  cutting  the  circle  in  M,  from 
which  ky  off  the  arc  M  N  =  arc  A  R  Draw  N  L  parallel  to  D  F. 
cutting  O  I  in  P;  then 

Lap  on  the  eduction  side  _  ^^                      /§  \ 
half-throw  OE 

from  L  lay  off  the  arc  L  K  =  arc  A  B,  and  from  K  let  feU  K  S 
perpendicular  to  D  F;  then  will  S  represent  the  point  o/refea^^ 
during  the  forward  stroke  of  the  piston,  where  the  valve  begins  to 
open  on  the  eduction  side.  As  to  the  effect  of  release,  aee  Article 
291,  Division  IV.,  page  421. 

Second  Method: — By  trigonometrical  calculation. 

Data  : —  Advance  of  admission  ^  ^Q  =r  i  • 

Stroke  of  piston  DF     l' 

DR     1. 
Batio  of  actual  cut-off  =  g^  =  ff' 

UT      1 
Batio  of  cushioning  =  r=^  =  zs 

DF    ^ 
Half-throw  of  slide  valve,  O  R 
Besults: — 

Let  angle  of  lead  =  a; 


(6.) 
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angle  of  lap  on  induction  side,  =  ('; 
angle  of  lap  on  eduction  side,  =6";  then 

a-6'==co8^^(l-?);  a  +  6'  =  co8-*(  ? -1  ); 

a +  6"  =  cos*"*  fl  —  -jrjj 

in  computing  which  three  arcs,  it  is  to  be  remembered  that  a  iMga- 
tive  cosine  corresponds  to  an  obtuae  cmgle.  This  being  done,  we 
have — 

and  also, 

lap  on  induction  side,  O  C  =  O  E  •  sin  6'; )  .^  . 

lap  on  eduction  side,  0~P  =  O  E  •  sin  6";  / ^  '^ 

Fraction  of  stroke  at  which  release  occurs, 

PS     l+cos(«  — fe'^) 

DF"  2  

When  U  ia  neceasary  to  take  into  aecowU  the  obliqtdty  of  the  conr 
neeting  rod  amd  of  the  eccentric  rod,  use  one  or  other  of  the  foregoing 
approximate  methods  to  find  the  angle  of  lead.  Then  make  an 
accurate  skeleton  drawing,  on  a  sufficiently  large  scale,  showing,  in 
the  first  place,  the  crank  in  a  series  of  equidistant  angular  positions. 
The  lead  being  known,  will  enable  the  corresponding  positions  of  the 
eccentric  radius  to  be  laid  down.  Draw  the  centre  line  of  the  pis- 
ton rod,  and  that  of  the  slide  valve  rod,  upon  which,  by  means  of 
the  known  lengths  of  the  connecting  rod,  eccentric  rod,  and  other 
intermediate  pieces  of  the  mechanism,  lay  down  the  positions  of  the 
piston,  and  of  the  slide  valve  corresponding  to  the  given  series  of 
positions  of  the  crank  and  eccentria  The  number  of  positions  em- 
ployed is  usually  from  twelve  to  twenty-four,  and  they  are  num- 
bei^  on  the  drawing  in  their  order  of  succession. 

Then  draw  to  the  same  scale  a  diagram  in  the  following  manner  (fig. 
142): — Draw  a  pair  of  rectangular  axes  D  F,  EI,  bisecting  each 
other  in  O.  Make  OD  ^  O  F  =  the  half  stroke  of  the  piston,  and 
OE  =  OT=the  half-throw  of  the  slide  valve.  On  DF,  which 
represents  the  stroke  of  the  piston,  mark  points  ocMrresponding  to  the 
aeries  of  suooessive  positions  of  the  piston  found  by  means  of  the 


.(9.) 
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skeleton  drawing ;  and  from  those  points  lay  off  ordinates  parallel 
to  E  I,  upwards  or  downwards  as  the  case  may  be  (such  ajs  A  Q, 


Fig.  142. 

T  M,  &c.)f  representing  the  corresponding  successiye  distances  of  the 
slide  valve  from  its  middle  position,  as  shown  by  the  skeleton  draw- 
ing. Through  the  ends  of  iJiese  ordinates  sketch  a  curve  M  A  G  K, 
which  will  be  an  oval,  approaching  more  or  less  nearly  to  an  elliptic 
tigure,  inscribed  in  the  rectangle  whose  axes  are  D  F,  E  I. 

Then  mark  the  required  points  of  cut-off  R,  and  commencement 
of  cushioning  T;  draw  the  ordinates  R  G,  T  M,  perpendicular  to 
D  F,  cutting  the  oval  in  G,  M.     Then 


The  required  lap  on  the  induction 
,,  ,,        eduction 


ition  side  =  R  G  :  I 

^.-.(10.) 

ion  side    =  T  M.  j 


Further,  draw  G  A  and  M  K  parallel  to  D  F,  cutting  the  oval  in 
A  and  K,  from  which  points  let  fall  on  D  F  the  perpendiculan> 
A  Q,  K  S.  Then  will  Q  be  the  point  of  the  stroke  at  which  the 
admission  begins,  and  S  the  point  of  release. 

Numerous  examples  of  this  process  are  given  in  Mr.  D.  K.  Clark's 
work  on  Railway  Machineiy. 

Sometimes  in  the  vertical  cylinders  of  marine  engines,  the  lap  of 
the  slide  valve  on  the  induction  side  is  made  less  for  the  lower 
than  for  the  upper  port  The  effect  of  this  is  to  cut  off  the  steam 
later,  and  to  have  a  less  ratio  of  expansion,  and  a  greater  mean 
effective  pressure,  during  the  up  stroke  than  duiing  the  down 
stroke.  The  object  is  to  equalize  the  energy  exerted  on  the  crank 
during  the  up  and  down  sti-okes;  and  to  attain  that  object  per- 
fectly, the  difference  of  the  mean  effective  pressures,  multiplied  by 
the  area  of  the  piston,  should  be  equal  to  twice  the  weight  of  the 
piston,  piston  rod,  and  connecting  rod,  which  weight  assists  the 
down  stroke,  and  opposes  the  up  stroke. 

348.  The  Uak  HffoUMi,  which  was  first  used  in  the  locomotive 
engines  of  Mr.  Robert  Stephenson,  is  an  arrangement  of  slide  valve 
gear  for  reversing  engines,  and  varying  the  rate  of  expansion  at 
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will.  Its  general  arrangemeot  is  represented  in  the  sketch,  fig. 
143.  In  subsequent  figures  it  will  be  shown  in  its  place  ib  loco- 
motive and  marine  engines. 

F  is  the  forwa/rd  eccentricy 
and  F  the  backitxxrd  eccenirie, 
being  a  pair  of  eccentrics  Jlxed 
on  the  shaft  in  the  position 
suitable  for  working  the  slide 
valve  during  forward  and  back- 
ward motion  of  the  engine  re- 
spectively. The  angle  between  pu  143 
the  two  eccentric  radii  is  the 
supptemeni  of  timce  (he  angle  of  lead,  G'  is  the  forward  eccentric 
rod;  G  the  backward  eccentric  rod.  The  ends  of  those  rods  are 
jointed  to  the  two  ends  of  a  piece  &  U,  called  the  link,  containing  a 
slot,  in  which  a  stud  or  slider,  on  the  end  of  the  slide  valve  rod  a, 
is  capable  of  shilling  into  different  positions;  6^  is  a  rod  hj  which 
the  link  hangs.  In  some  cases  the  centre  e  is  fixed,  and  the  valve 
rod  is  jointed,  so  that  the  slider  on  its  end  can  be  moved  to  different 
positions  in  the  link ;  and  then  the  figure  of  the  link  is  an  arc  of  a 
circle,  whose  radius  is  the  length  of  the  shifting  portion  of  the 
valve  rod  In  other  cases  (of  which  the  figure  is  an  example),  the 
centre  e  is  capable  of  being  shifted,  so  as  to  move  the  link  into 
different  positions  while  the  valve  rod  is  at  rest  laterally;  and  then 
the  figure  of  the  link  is  an  arc  of  a  circle  whose  radius  is  equal  to  the 
effective  length  of  each  eccentric  rod  In  Mr.  Allan's  form  of  the 
link  motion,  half  of  the  shifting  is  produced  by  moving  the  link  in 
one  direction,  and  the  other  half  by  moving  the  stud  of  the  valve 
rad  in  the  opposite  direction ;  and  in  that  foim  the  link  is  straight. 
The  link  motion  is  very  much  varied  in  its  details  by  different 
locomotive  and  marine  engineers. 

In  the  figure,  the  link  hangs  by  the  rod  eg  from  one  arm  of  the 
lever  edn,  balanced  by  a  counterpoise  on  the  opposite  arm.  dcis 
a  transverse  arm,  connected  by  a  rod  cf  with  the  revereing  handle 
of  the  engine. 

In  the  figure,  the  motion  of  the  slide  valve  is  produced  by  the 
action  of  the  forward  eccentric  alone,  and  the  engine  is  said  to  be 
in  JuU  forward  gear.  The  steam  is  cut  off  at  a  point  depending 
on  the  lap,  the  lead  of  the  forward  eccentric,  and  a  throw  equal 
to  twice  the  eccentric  radius. 

When  the  link  is  shifted  so  that  the  stud  of  the  valve  rod  is  at 
the  opposite  end  (  of  the  link,  the  motion  of  the  valve  is  produced 
by  the  action  of  the  baokwaid  eccentric  alone,  and  the  engine  is 
said  to  be  in  fuU  backward  gear.  The  steam  is  cut  off  at  a  point 
depending  on  the  lap^  lead,  and  throw^  as  before. 

2k 
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For  any  intermediate  relative  position  of  the  link  and  stud,  the 
motion  of  the  slide  valve  is  produced  by  the  joint  action  of  the 
forward  and  backward  eccentrics,  according  to  a  law  which  may  be 
approximately  represented  as  follows  : — at  any  given  instant,  let  v 
be  the  velocity  which  the  valve  would  receive  if  in  full  forward 
gearing,  v"  the  velocity  which  it  would  receive  if  in  ftill  backward 
gearing ;  and  let  velocities  in  contraiy  directions  be  distinguished 
as  positive  and  negative;  also  let  T  be  the  distance  of  the  stud 
from  the  forward  end,  and  T  its  distance  from  the  backward  end 
of  the  link;  then  the  actual  velocity  of  the  valve  at  the  given 
instant  is 

*-   r+f^ ^*-^ 

To  find  exctcUy  the  motions  of  the  slide  valve  produced  by 
different  relative  positions  of  the  link  and  stud,  a  skeleton  drawing 
of  the  mechanism  is  to  be  made  on  a  sufficiently  large  scale,  as  in 
the  process  described  in  the  last  Articla  For  examples  of  this 
process  also,  Mr.  Clark's  work  on  Bailway  Machinery  may  be 
referred  to. 

A  useful  approxirruxtion  to  the  motions  of  the  valve 
when  the  stud  is  in  any  given  position  relatively  to  the 
link,  is  as  follows : — ^Let  O  represent  the  centre  of  the 
shaft,  O  F  the  forward  eccentric  radius,  O  B  the  back- 
ward eccentric  radius;  and  let  LO  be  a  straight  line 
parallel  to  F  R  In  full  forward  gearing,  the  half-throw 
is  OF,  and  the  aaigle  of  lead .^  L O  F;  and  on  these 
and  the  lap  the  distribution  of  the  steam  depends 
When  the  stud  is  at  any  intermediate  position  on  the 
'  ...  link,  join  F  B,  in  which  take  the  point  S,  dividing  that 
line  in  the  same  proportion  in  which  the  stud  divides 
the  length  of  the  link;  then  the  motion  of  the  valve  will  be  nearly 
that  corresponding  to  an  eccentric  radius  OS;  so  that  the  distribu- 
tion of  the  steam  will  be  neaHy  that  corresponding  to  the  constant 
lap,  with  the  diminished  half-throw  O  S,  and  the  increaaed  amgle  of 
lead^LOQ. 

In  mid  gear,  when  the  stud  is  midway  between  the  ends  of 
the  link,  the  lead  is  90°,  and  the  half-throw  is  nearly  =  OF 
X  sin  .^  L  O  F,  being  the  perpendicular  distance  from  O  to  F  R 
It  IB  evident,  that  the  nearer  the  link  motion  is  brought  to  mid 
gear,  the  earlier  in  the  stroke  is  the  steam  cut  o& 

349.  Bxpanaioii  Wuiw  with  Csna. — A  separate  expansion  valve 
is  often  used,  especially  in  large  marine  engines^  consisting  of  a 
double  beat  valve  (Article  116,  page  121),  whose  ^indle  la  iuing 
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from  one  arm  o(  a  lever.  Another  arm  of  the  lever  has  a  roller  at 
its  end,  upon  which  a  suitably  shaped  cam,  turning  with  the  engine 
shaft,  acts  so  as  to  lift  the  valve  twice  in  each  revolution,  hold  it 
open  during  the  proper  period  for  the  admission  of  the  steam,  and 
then  let  it  close.  A  series  of  such  cams,  suited  to  produce  different 
rates  of  expansion,  are  fixed  ajde  by  side  on  the  shaft,  and  the 
lever  arm  which  carries  the  roller  is  so  made  that  it  can  be  shifted 
sideways,  and  brought  into  gearing  with  that  cam  which  produces 
the  proper  rate  of  expansion.  In  some  cases  the  rate  of  expansion 
is  adjusted  by  a  single  cam,  shifting  endways  along  a  screw-shaped 
part  of  the  shaft  under  the  action  of  the  governor. 

350.  Bxp«B«i*B  8iMe  Taire. — A  separate  slide  valve 
is  sometimes  used  to  cut  off  the  steam  at  an  early  period 
of  the  stroke,  worked  by  an  eccentric  without  lead,  so 
that  this  expansion  slide  valve  is  always  at  its  middle 
position  when  the  piston  is  at  either  end  of  its  stroke. 
A  longitudinal  section  of  part  of  such  a  valve  is  shown 
in  fig.  14:5.  A,  A,  are  oblong  ports  in  the  plate  which 
forms  the  valve  seat,  and  whidi  is  usually  the  back  of 
the  valve  chest  of  the  ordinary  slide  valve.  B,  B,  are 
oblong  ports  of  the  same  axe  and  figure  with  A  A,  in  the 
sliding  plate  which  forms  the  valve.  The  valve  might 
be  made  with  only  a  single  opening  B,  corresponding  to 
a  single  port  A;  but  to  give  ample  area  for  the  passage  of  the 
steam,  there  are  usually  several  such  openings  and  ports;  whence 
the  valve  is  called  a  ^^ gridiron  vcUve.**  When  the  valve  is  in  its 
middle  position  (and  the  piston  at  one  end  of  its  stroke),  the 
openings  B  are  exactly  opposite  to  the  ports  A,  which  aro  then 
*^fuU  open,''*  So  soon  as  the  valve  has  moved  in  either  direction  to 
a  distance  from  its  middle  position  equal  to  the  breadth  of  one  of 
its  openings,  the  ports  are  all  closed,  and  the  steam  cut  off 

This  valve  is  suited  for  cutting  off  the  steam  at  a  very  early 
period  of  the  stroke  only.  The  point  of  cut-off  being  given,  the 
fqUowing  are  the  processes  for  finding  the  requisite  proportion  of 
breadth  o/openiaigs  to  half-throw. 

First  Method  : — By  graphic  construction  (fig. 
146).  About  a  centre  0,  describe  a  quadrant  of  a 
circle  D  E,  and  draw  a  radius  O  D,  to  represent  the 
h4ilf  stroke  o/the  pistony  in  which  take  the  point  B 
to  represent  the  point  of  the  stroke  at  which  the 
steam  is  to  be  cut  off  From  R  draw  B  G  perpen- 
dicular to  D  Oy  catting  the  circle  in  G.     Then  ng.  146. 


Fig.  146. 


Breadth  of  openings  _  B.  G 
Half-throw  of  valve "  0^* 


.(1.) 
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Second  Method: — B7  calculation.    Let  ratio  of  actnal  cut-off 
:=;;^;  then 


20D    '^^ 

Breadtbof  openings         /   /  ,      /,      2\M  ,„  x 

Half-throw  of  valve  "V     I        \      W   / ^    ' 

A  peculiarity  of  this  valve  is  that  it  reoperiB  its  ports  at  a  point  of 
the  piston  stroke  as  £Etr  distant  from  the  end  as  R  is  from  the 
beginning  \  therefore  it  cannot  be  used  except  in  combination  with 
a  common  slide  valve,  so  adjusted  as  to  cut  off  the  steam  before 
the  reopening  of  the  ports  of  the  gridiron  expansion  valve.  For 
example,  if  the  expansion  valve  cuts  off  at  0'2  of  the  stroke,  the 
common  slide  valve  must  cut  off  at  or  before  0*8  of  the  stroke. 

The  rate  of  expansion  may  be  varied  by  varying  the  throw  of 
the  expansion  valve.  In  some  engines,  the  seat  of  the  expansion 
slide  valve  is  formed  by  the  back  of  the  ordinary  slide  valve, 
which,  instead  of  admitting  the  steam  past  its  outer  edges,  has 
porta  through  it  like  the  openings  in  a  gridiron  valve,  and  the 
expansion  slide  valve  is  worked  by  an  independent  eccentric,  so  as 
to  close  those  ports  at  the  proper  instants. 

The  "  gridiron"  form  is  sometimes  adapted  to  the  ordinaiy  slide 
valve  in  very  lai^  engines — that  is  to  say,  each  end  of  the  cylinder 
has  two  parallel  ports,  and  the  valve  is  formed  so  as  to  connect  the 
two  ports  belonging  to  one  end  of  the  cylinder  at  the  same  time, 
with  the  valve  chest  and  the  eduction  port  alternately. 

351.  DoaUe  Beat  Talvw  UTarked  by  BcceatrioL — In  the  engines 
of  American  steamers  double  beat  valves  are  extensively  used,  driven 
by  means  of  eccentrics.  There  are  usually  separate  eccentrics  for 
the  induction  and  eduction  valves.  Each  eccentric,  through  a  rod 
and  lever,  causes  a  rocking  shaft  to  vibrate  to  and  fro;  the  rocking 
shaft  carries  cams,  which,  by  acting  on  bars  and  levers,  lift  and 
lower  the  valves  at  the  proper  times.  Each  cam  is  so  shaped  as  to 
give  a  very  gentle  motion  to  the  valve  when  it  is  nearly  in  contact 
with  its  seat,  and  a  rapid  motion  during  other  parts  of  its  stroke,  so 
that  the  port  is  opened  and  closed  quickly,  and  at  the  same  time 
without  shock. 

Section  3. — Of  Cylinders  cmd  Pistons. 

352.  eimmwm  Cytiadcn. — Cylinders  are  made  of  the  toughest  cast 
lion  that  can  be  obtained.  The  thickness  required  for  the  sake  of 
mere  tenacity,  to  resist  the  internal  pressure,  might  be  calculated 
fi'om  the  principles  stated  in  Article  62,  pages  67,  68,  allowing  six 
as  a  fiactor  of  safety;  but  in  order  that  the  cylinder  may  possess 
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that  stiffness  which  is  neoessaiy  to  enable  it  to  preserve  its  figure 
with  great  accuracy,  it  must  be  made  many  times  thicker  thim  is 
necessary  for  mere  strength.  The  actual  factors  of  safety  of  the 
cylinders  of  steam  engines,  as  they  occur  in  practice,  range  from  30 
to  40. 

The  bottom  of  a  cylinder  is  sometimes  cast  in  one  piece  with  it, 
sometimes  bolted  on.  The  cylinder  cover  is  bolted  on.  Care  must 
be  taken  that  the  bolts  have  sufficient  strength  to  withstand  the 
pressure.  The  bottoms  and  covers  of  large  cylinders  are  often  made 
of  the  form  of  a  segment  of  a  sphere  of  large  radius — ^in  which  case 
the  two  sides  of  the  piston  are  made  of  the  same  figure,  in  order 
that  space  may  not  be  lost  in  clearance. 

The  effect  of  the  jacket  has  already  been  fully  considered  The 
jacket  ought  to  envelop  not  merely  the  body  of  the  cylinder,  but 
at  least  one  end  also,  and,  if  possible,  both  ends.  Whether  the 
cylinder  is  jacketed  or  not,  it  should  always  be  clothed  (Article  387, 
Division  IX.) 

353.  In  D^atole  CylimAer  Bb^Ibm,  the  attempt  should  be  made  so 
to  proportion  the  cylinders  to  each  other,  that  the  steam  shall  per- 
form half  its  work  in  the  small  cylinder  and  half  in  the  large.  In 
most  actual  engines  two-thirds  of  the  work  are  performed  in  the 
small  cylinder.  The  following  are  some  of  the  arrangements  of 
double  cylinder  engines : — 

L  The  earliest  arrangement  of  double  cylinders  was  Woolfs,  in 
which  the  smaller  or  high  pressure  cylinder,  and  the  larger  or  low 
pressure  cylinder  stand  side  by  side  under  the  same  end  of  a  beam, 
and  their  pistons  move  in  the  same  direction  at  the  same  time.  In 
this  arrangement  the  steam  passes  from  either  end  of  the  small 
cylinder  to  the  opposite  end  of  the  large  cylinder. 

II.  In  Mr.  M'Naught's  engine  the  cylinders  are  under  opi)06ite 
ends  of  a  beam,  their  pistons  move  opposite  ways,  and  the  steam 
passes  from  either  end  of  the  small  cylinder  to  the  nearest  end  of 
the  large  cylinder. 

III.  In  Mr.  Elder^s  marine  engine  the  large  and  small  cylinders 
lie  side  by  side  in  close  contact,  sloping  at  an  angle  of  45°;  their 
pistons  move  opposite  ways  at  the  same  time,  and  drive  cranks 
which  pi'oject  in  opposite  directions  from  the  shaft,  with  a  view  to  the 
reduction  of  the  pressures  on  the  bearings  of  the  shaft,  and  the  con- 
sequent friction,  to  the  smallest  amount  possible  with  two  cyliii- 
.ders.  A  similar  pair  of  cylinders,  sloping  the  opposite  way  at  the 
.same  angle,  act  on  the  same  pair  of  cranks. 

lY.  In  Mr.  Craddock*s  engine  the  large  and  small  cylinders  are 
side  by  side,  and  their  pistons  move  for  the  greater  part  of  their 
course  in  opposite  directions,  and  drive  a  pair  of  nmiy  opposite 
cranks.     In  order  to  fiEudlitute  the  passiug  of  the  dead  points  with 
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only  one  pair  of  cylinders,  the  stroke  of  « the  small  cylinder  is  made 
somewhat  in  advance  of  that  of  the  lai^e  cylinder;  the  effect  of 
which  is  that  the  steam,  after  haying  been  expanded  until  it  filLt 
the  small  cylinder,  is  not  immediately  admitted  into  the  laiige 
cylinder,  but  is  first  re-compressed  to  a  certain  extent  in  the  small 
cylinder,  and  then  admitted  into  the  large  cylinder  to  expand. 
The  ultimate  expansion  is  exactly  the  same  as  if  the  strokes  of  the 
cylinders  were  simultaneous,  and  so  also  is  the  efficiency,  provided  no 
waste  of  he^t  by  conduction  takes  place  during  the  temporary  com- 
pression of  the  steam.  Mr.  Craddock  proposes  to  carry  the  advance 
of  the  stroke  of  the  small  piston,  in  some  cases,  as  far  as  a  quarter 
of  a  revolution;  but  it  appears  from  experiment  that  a  less  angle  of 
advance,  such  as  one-sixth  or  one-twelfth  of  a  revolution,  is  sufficient 
to  enable  the  dead  points  to  be  easily  passed ;  and  it  is  not  desirable 
to  carry  the  advance  beyond  what  is  necessary  for  that  purpose, 
because  of  the  derangement  which  it  produces  in  the  action  of  the 
steam  when  the  motion  of  the  engine  is  reversed. 

354.  The  CMiceacrie  mr  Dvplex  Cjltadcr  of  Mr.  David  Rowan, 
consists  of  a  smaller  cylinder,  into  which  the  steam  is  first 
admitted  and  begins  its  expansion,  contained  within  and  concen- 
tric with  a  large  cylinder,  in  which  the  expansion  is  continued, 
and  is  equivalent  to  the  two  cylinders  of  a  double  cylinder  engine. 
The  inner  piston  is  of  the  common  shape ;  the  outer  is  ring-shaped^ 
and  has  packing  not  only  on  its  outer  surface,  but  also  on  its  inner 
sur&oc,  which  slides  on  the  outside  of  the  inner  cylinder.  The  one 
piston  rod  of  the  inner  piston,  and  the  two  piston  rods  of  the  outer 
piston  are  fixed  to  one  cross-head,  so  that  the  two  pistons  move 
together,  and  the  steam  has  to  pass  from  either  end  of  the  inner 
cylinder  to  the  opposite  end  of  the  outer  cylinder.  The  steam  is 
superheated  sufficiently  to  prevent  condensation  to  an  injurious 
extent  in  either  cylinder. 

355.  TMble  €7U«4er  Ea«taM  difier  from  double  cylinder  engines 
merely  in  having  a  pair  of  large  cylinders  for  the  continuation  of 
the  expansion,  one  at  each  side  of  the  small  cylinder,  instead  of  one 
large  cylinder. 

In  Mr.  Elder's  treble  cylinder  engine  the  piston  of  the  central 
small  cylinder  drives  one  crank,  and  those  of  the  two  lateral  large 
cylinders  drive  a  pair  of  cranks  pointing  the  opposite  way  to  the 
middle  crank.  If  half  the  work  is  perfoiined  in  the  middle  cylin- 
der, and  the  other  half  divided  equsdly  between  the  lateral  cylinders, 
there  is  an  exact  balance  of  pressures  on  the  shaft,  and  the  friction 
of  its  bearings  is  simply  that  due  to  the  weight  resting  on  them. 

In  Mr.  J.  M.  Bowan's  treble  cylinder  engine  the  rods  of  the  small 
middle  piston,  and  of  the  two  large  lateral  pistons,  are  all  attached 
to  one  cross-head,  so  that  the  three  pistons  move  together.     The 
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arrangement  is  compact,  and  convenient  for  oedllating  engineH,  to 
which  it  is  applied. 

356.  Bad  ••  Bad  DMiUe  C^UiUter  Bagtav. — In  this  engine  (Mr. 
Sim's)  the  steam  begins  its  action  in  one  end  of  a  small  cylinder, 
and  completes  it  in  the  opposite  end  of  a  large  cylinder;  the  two 
cylindera  are  placed  end  to  end,  and  their  pistons  are  attached  to 
one  rod  The  space  between  the  two  pistons  communicates  with 
the  condenser,  and  is  a  partial  vacuum  at  all  times. 

357.  l»MiU0  PiiC*a  Baciae. — In  this  engine  (Mr.  Garrett's)  tlje 
steam  is  first  admitted  to  and  b^ns  its  expansion  in  one  end  of  a 
cylinder,  and  finishes  its  expansion  in  the  opposite  end.  The 
former  end  has  its  capacity  diminished,  so  as  to  be  equivalent  to  a 
small  cylinder,  by  means  of  a  plunger  of  sufficiently  large  diameter, 
having  one  end  fixed  to  the  piston,  and  passing  through  a  packing-, 
ring  in  the  cover.  The  other  end  of  the  same  plunger  acts  as 
plunger  of  the  air  pump. 

358.  Aa  OacUiatiav  c^UaJcr  is  mounted  on  gudgeons  or  trwnnianBf 
generally  near  the  middle  of  its  length,  on  which  it  is  capable  of 
swaying  to  and  fro  through  a  small  arc,  so  as  to  enable  the  piston 
rod  to  follow  the  movements  of  the  crank,  to  which  it  is  directly 
attached  without  the  intervention  of  a  connecting  rod.  This  con- 
struction is  very  advantageous  in  point  of  economy  of  space  and 
weight 

The  trunnions  are  hollow,  and  are  connected  by  steam-tight 
joints,  one  with  a  steam  pipe  leading  from  the  boiler — the  other 
with  an  exhaust  pipe  leading  to  the  condenser.  The  valv&  chest 
oscillates  with  the  cylinder.  Various  arrangements  are  used  to 
adapt  the  valve  gearing  to  the  oscillating  motion  of  the  cylinder  and 
valve  chest;  one  of  the  simplest  being  to  communicate  motion  from 
the  eccentric  to  a  sliding  rod  on  which  is  a  cross-head  of  the  form 
of  an  arc  of  a  circle  described  about  the  axis  of  the  trunnions  when 
the  valve  is  in  its  middle  position,  and  having  in  it  a  slot  of  the 
same  figure ;  in  that  slot  ia  a  slider  attached  to  the  end  of  a  lever 
arm  projecting  from  a  rocking  shaft  carried  by  the  cylinder; 
another  arm  projecting  from  that  shaft  moves  the  slide  valve  rod. 

359.  ScctMT  Cyliadtonb — In  some  American  steamers  the  place  of 
an  ordinary  cylinder  is  supplied  by  a  sector  of  a  cylinder,  in  which 
a  rectangular  piston  oscillates  to  and  fro  like  a  door  on  its  hinge. 
In  the  position  of  the  hinge  is  a  rocking  shaft,  to  which  the  piston 
is  fixed;  and  by  means  of  an  arm  projecting  from  one  of  the  outer 
ends  of  that  shaft  and  a  connecting  rod,  motion  Lb  communicated  to 
the  crank. 

360.  In  B^caiMT  BagiaM  the  place  of  an  ordinary  cylinder  is 
supplied  by  a  vessel  of  the  shape  of  a  cylinder,  a  zone  of  a  sphere,  or 
some  other  solid  of  revolution,  traversed  along  the  diiecUon  of  its 
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axis  by  a  sbafl,  which  carries  a  revolving  piston  of  a  suitable  shape. 
A  partition  divides  the  space  between  the  piston  and  the  cylinder 
into  two  parts ;  that  partition  is  so  constructed  as  not  to  obstruct 
the  motion  of  the  })iston;  in  general  the  partition  moves  aside  to 
let  the  piston  pass.  The  steam  is  admitted  into  the  space  behind 
the  piston,  cut  off  periodically  if  required,  and  discharged  from  the 
space  in  front  of  the  piston ;  and  so  the  piston  is  driven  continuously 
round  The  number  of  rotatory  engines  which  have  been  patented 
in  Britain  alone  is  certainly  upwards  of  two  hundred,  and  perhaps 
considerably  more;  but  very  few  have  been  brought  into  practiced 
operation,  and  those  to  a  limited  extent  only;  for  their  friction  and 
liability  to  wear  have  been  found  to  be  greater  than  those  of  ordi- 
nary engines,  and  they  have  no  advantage  except  compactness.  The 
most  successful  appear  to  have  been  the  Earl  of  Dundonald's,  and 
Mr.  David  Napier's. 

361.  imm:  Ensiae. — ^Tlus  engine,  the  invention  of  Mr.  Bishop, 
has  been  used  with  success  by  Messrs.  Rennie  &;  Son  to  drive  screw 
propellers.     Fig.  147  is  a  sketch  showing  its  general  nature  only, 

without  any  details  The  cylin- 
der is  shown  in  section,  the 
piston  in  elevation.  The  cylin- 
der, or  vessel  which  acts  as  a 
cylinder,  is  bounded  laterally 
by  a  spherical  zone  A  A,  and 
endwise  by  a  pair  of  cones,  B,  B, 
whose  apices  coincide  with  the 
centre  C  of  the  sphere.  The 
piston  is  a  flat  cipnilar  disc, 
D,  fitting  the  interior  of  the 
spherical  zone  round  its  edge. 
E  E  is  a  fixed  partition  in  the  cylinder,  shaped  like  a  sector  of  a 
circle;  a  radial  slit  in  the  disc  fits  this  partition.  The  disc  is  fixed 
to  a  ball,  C,  being  the  joint  on  which  it  turns;  and  from  that  ball 
projects  a  rod  F,  perpendicular  to  the  plane  of  the  disc  This  rod 
acts  in  a  manner  as  a  crank  pin ;  for  its  end  fits  into  a  round  hole 
at  the  end  of  the  crank  G,  which  is  carried  by  the  shaft  H,  whose 
axis  coincides  in  direction  with  the  common  axis  of  the  spherical 
zone  and  of  the  two  cones.  By  the  disc  D,  and  partition  E  £,  the 
cylinder  is  divided  at  each  instant  into  four  spaces,  two  of  which 
are  enlarging  while  the  other  two  are  contracting,  as  the  crank  G 
revolves;  the  steam  is  admitted  into  the  two  former  spaces,  and 
discharged  from  the  two  latter  spaces,  by  ports  near  the  partition 
E  E,  and  can  be  cut  off  if  required  by  an  expansion  valve;  thus 
t*he  disc  is  made  to  take  a  sort  of  motion  of  ntUaUon,  and  the  crank 
shaft  is  driven  round.     The  angle  H  C  F  between  the  shaft  and 
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crank  pin  is  one-bali'  of  the  angle  between  the  sides  of  the  two 
oones  B,  B. 

Let  tJie  angle  H  C  F  =  ^.  Let  r  be  the  internal  radius  of  the 
spherical  zone,  r  that  of  the  ball  C.  Then  the  volume  swept 
through  by  the  disc  at  each  revolution  is 

8-3776  (r8-7^)  sin  0; (1.) 

being  equal  to  twice  the  capacity  of  the  vesHcl  which  acts  as  a 
cylinder,  and  being  also  the  product  of  the  area  of  the  disc, 
3-1416  (r^-r'^),  and  the  mean  distance  swept  through  by  all  parts 
of  its  surface  in  directions  perpendicular  to  themselves  during  each 

revolution,  «  •  -^^ ^  -  sin  v. 

The  volume  given  by  the  formula  1  corresponds  to  that  which, 
in  computing  the  power  of  common  double  acting  steam  engines,  is 
found  by  multiplying  the  area  of  the  piston  into  twice  the  length 
of  a  single  stroke. 

362.  Ptoi«M  and  Packing. — Ordinary  pistons  agree  pretty  nearly 
as  to  figure  and  proportions,  with  the  description  of  a  piston  for 
a  water  pressure  engine  already  given  in  Article  127,  page  129; 
but  instead  of  the  hempen  packing,  metallic  packing  is  universally 
used,  made  of  brass,  or  of  cast  iron.  Fig.  148  represents  one  of 
the  most  complex  arrangements  of  metallic 
packing,  with  the  junk  ring  (as  it  is  still 
called)  removed.  Thei-e  are  two,  or  some- 
times three,  rings  of  packing,  each  con- 
sisting of  an  outer  and  inner  circle  of  arcs 
of  metal,  built  together  so  as  to  break 
joint,  and  pressed  outwards  against  the 
interior  of  the  cylinder  by  means  of 
8pring&  Much  simpler  arrangements  are 
often  used,  especially  one  in  which  there 
is  only  a  single  packing  ring  divided  at 
one  point,  and  pressing  against  the  sides 
of  the  cylinder  by  its  own  elasticity,  which,  as  it  is  originally  made 
of  a  radius  a  little  larger  than  that  of  the  cylinder,  causes  it  to  tend 
to  expand.  The  gap  at  the  point  of  division  is  sometimes  filled 
by  a  tongue  piece  morticed  into  the  ends  of  the  ring;  sometimes  by 
a  small  wedge-formed  block,  pressed  outwards  by  a  spring  behind 
it.  Mr.  Bamsbottom's  piston  for  locomotives  has  a  cylindrical 
surface  turned  to  fit  the  interior  of  the  cylinder  loosely;  round 
that  cylindrical  surface  are  three  parallel  rectangular  grooves,  each 
filled  by  a  single  packing  ring  of  sgua/re  brass  wire,  measuring 
about  an.  eighth  of  an  inch  each  way ;  each  of  these  rings  is  divided 
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at  one  point,  and  presses  outwards  against  the  cylinder  bj  its 
elasticity,  like  the  single  packing  ring  beforementioned.  The 
points  of  division  are  placed  at  the  lower  side,  where  the  body  of 
the  piston  touches  the  cylinder.  The  varieties  of  metallic  packing 
are  very  numerous;  but  they  differ  chiefly  in  points  of  detail 

Hemp  is  frequently  used  as  an  elastic  material  behind  metallic 
packing,  to  keep  it  pressed  against  the  cylinder. 

Metallic  rings,  or  pieces  of  sheet  brass,  packed  behind  with  hemp, 
are  used  also  for  the  packing  of  stuffing-boxes. 

363.  PiM«B  R«da  ABd  TniBk*. — In  most  engines,  each  piston 
has  but  one  rod,  fitted  at  one  end  into  a  conical  socket  in  tlie 
centre  of  the  piston,  and  fixed  by  means  of  a  gib  and  cotter,  or  a 
screw  and  nut.  The  piston  rod  passes  through  a  stuffing-box  in 
the  centre  of  the  cylinder  cover. 

In  some  marine  engines,  two  piston  rods,  and  in  some  four,  aro 
attached  to  one  piston,  and  traverse  a  corresponding  number  of 
stuffing-boxes  in  the  cylinder  cover.  These  arrangements  form 
part  of  peculiar  systems  of  mechanism  for  connecting  the  piston 
with  the  crank. 

A  trunk  is  a  tubular  piston  rod,  used  to  enable  the  connecting 
rod  to  be  jointed  directly  to  the  piston,  or  to  a  veiy  short  inner 
piston  rod,  so  as  to  save  room  in  marine  engines.  The  width  of 
the  trunk  must  be  sufficient  to  give  room  for  the  lateral  motion  of 
the  connecting  rod. 

As  to  the  strength  of  piston  rods,  see  Article  71,  pages  73,  74. 
In  computing  the  stress  on  a  piston  rod,  the  greatest  pressure  of  the 
steam  must  be  taken  into  account.  The  iisnal  /actor  of  safety  is 
about  6  or  7 ;  but  in  some  cases  it  is  as  low  as  5,  and  in  others  as 
high  as  10. 

364.  Speed  ef  PirteB*. — ^The  speed  of  the  piston  of  an  engine  is 
usually  expressed  in  feet  per  nmwte^  the  whole  motion  being  taken 
into  account  in  double  acting  engines,  but  the  forward  strokes  only 
in  single  acting  engines,  as  has  already  been  explained. 

An  opinion  at  one  time  prevailed,  that  there  was  an  advantage 
in  making  the  real  speed  of  pistons  follow  the  rule  laid  down  in 
Article  336,  page  479,  for  calculating  the  fictitious  speed  assumed 
in  computations  of  nominal  horse-power;  and  although  tiiat  opinion 
has  been  shown  to  be  groundless,  the  ordinary  speeds  of  the  pistons 
of  stationary  engines  and  marine  paddle  engines  do  not  often 
deviate  much  from  those  given  by  that  rule,  and  range  accordingly 
from  about  120  to  300  feet  per  minute.  But  in  marine  screv 
engines,  and  in  locomotive  engines,  speeds  of  piston  are  used  rang- 
ing up  to  900  feet  per  minute  and  more,  with  advantageous  results. 
American  engineers,  by  giving  great  length  to  the  cylinder  and 
crank,  obtain  a  high  speed  of  piston  in  paddle  engines  alsa 
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Inasmach  as  the  work  perfonned  by  the  piston  in  an  unit  of  time 
is  the  product  of  the  effort  into  the  speed,  it  follows  that  a  high 
speed  of  piston  involves  a  small  stress  upon  the  machinery,  bearings, 
and  framework,  and  consequently,  a  small  amount  of  friction; 
circumstances  favourable  to  lightness,  and  to  economy  of  cost  and 
,of  power. 

The  velocity  of  the  piston  being  proportional  to  the  length  and 
frequency  of  the  strokes  jointly,  there  are  two  means  of  obtaining 
a  high  velocity :  great  length  of  stroke,  and  great  frequency.  Of 
those  two  means,  great  length  of  stroke  is  to  be  prefeixed,  when 
there  is  no  reason  to  the  contraiy;  because  great  frequency  of 
stroke,  requiring  rapid  reversal  of  the  motion  of  the  piston,  and  the 
other  masses  which  move  along  with  it,  produces  periodical  strains, 
by  reason  of  the  inertia  of  those  masses,  which  to  a  certain  extent 
neutralize  the  benefits  arising  from  the  smallness  of  the  mean  effort 
exerted  through  the  piston  rod. 

The  limit  beyond  which  the  velocity  of  the  piston  cannot  with 
advantage  be  increased  is  not  yet  known.  There  must,  however,  be 
some  such  limit,  because  of  the  increase  of  the  resistance  to  ^e 
motion  of  the  steam  through  passages  with  increased  velocity  of  its 
flow.     (See  Article  290,  pages  413  to  417;  Article  340,  page  485.) 

Section  4. — 0/ Condensers  and  Pvmps, 

365.  Wmtt*  CMideaaer,  being  that  which  is  most  generally  em- 
ployed, is  a  cast  iron  vessel  of  any  convenient  shape,  and  strong 
enough  to  bear  the  atmospheric  pressure  from  without,  in  which 
the  waste  steam  from  the  cylinder  is  condensed  by  a  shower  of  cold 
water. 

The  capacUy  of  the  condenser  in  Watt's  original  engines  was  | 
of  that  of  the  cylinder;  but  according  to  present  practice,  it  ranges 
from  ^  to  i,  and  sometimes  even  more. 

The  area  of  the  injection  valve,  by  which  the  condensation  water 
is  introduced  into  the  condenser  from  the  cold  well  in  land  engines, 
and  from  the  sea  in  marine  engines,  is  commonly  fixed  by  one  or 
other  of  the  two  following  rules : — 

IT  square  inch  per  cubic  foot  of  water  evaporated  by  the  boiler  per 
hour,  or 

tK  of  the  area  of  the  piston. 

In  Chapter  III.,  Section  5,  of  this  Part,  formuLe  have  been  given 
for  computing  the  net  quantity  of  injection  water  required  to  con- 
dense the  steam  in  engines  of  various  kinds,  for  each  cubic  foot 
swept  through  by  the  piston.  The  velocity  with  which  the  injection 
water  flows  towards  the  condenser  <U  the  contfracted  vein  is  about 
44  feet  per  second.     Taking  0*62  as  the  oo-efficient  of  contraction^ 
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the  velocity  of  flow  reduced  to  the  area  of  the  orifice  itself  is  found 
to  be  27  feet  per  second,  or  1,620  feet  per  minute,  nearly.  To  find, 
therefore,  the  proportion  of  the  injection  orifice  to  the  area  of 
piston,  necessary  in  order  to  supply  the  nei  quantity  of  injection 
water,  we  have  the  following  formula : — 

net  area  of  orifice  ^     ,  i..  .    ^.  ^  i..    ^    x 

>—•  1 =  net  volume  of  mjection  water  per  cubic  foot 

area  of  piston  •'  ^ 

swept  through  by  piston  x  velocity  of  piston  in  feet  per 

minuter  1620; (1.) 

but  it  appears  from  ordinary  practice,  that  to  provide  for  contin- 
gences,  the  injection  valve  must  be  made  capable  of  introducing, 
when  required,  about  double  the  net  quantity  of  injection  water 
found  by  calculation ;  hence  SIO  is  to  be  taken  as  the  divisor  in  tJhe 
above  formvla-  instead  of  1,620.  This  gives  results  nearly  agreeing 
with  those  of  the  practical  rules  first  cited. 

In  marine  engines,  there  is  sometimes  an  injection  valve  leading 
from  the  ship's  bilge  into  the  condenser,  which  is  opened  only  when 
the  leakage  of  water  into  the  ship  threatens  to  become  too  great 
for  the  ordinary  bilge  pumpa  On  such  occasions,  the  ordinaiy 
injection  valve  is  closed. 

366.  The  c^M  w«ier  Panir,  by  which  in  low  pressure  land 
engines  the  cold  well  is  supplied  with  water,  must  be  made  of  capa- 
city sufficient  to  supply  double  the  computed  net  injection  water. 

367.  The  Air  p«»f  (Article  337,  Division  XVI.,  page  481),  when 
single  acting,  is  usually  of  a  capacity  from  one-fifth  to  one-sixlh  of 
that  of  the  cylinder;  when  the  air  pump  is  double  acting,  it  may  of 
course  be  made  one-half  smaller.  The  valves  through  which  it 
draws  the  water,  steam,  aud  air  from  the  condenser,  are  called /x)^ 
valves;  those  through  which  it  discharges  those  fluids  into  the  hoi 
lodlf  ddivery  valves.  A  single  acting  air  pump  has  bucket  voices 
opening  upwards  in  its  piston.  Flap  valves,  and  other  clacks  of 
various  forms,  are  used  as  air  pump  valves.  As  to  the  circalar 
Indian  rubber  flap  valves,  now  very  generally  employed,  see  Article 
118,  page  123.  The  ratio  of  the  area  of  the  valve  passages  to  that 
of  the  air  pump  piston  ranges  in  diflerent  engines  from  \  to  equality, 
being  made  greater  as  the  speed  of  that  piston  is  greater,  so  that 
the  velocity  of  fluids  pumped  may  not  in  any  case  exceed  about  lU 
or  12  feet  per  second. 

The  surplus  water  from  the  hot  well,  over  and  above  that  which 
is  drawn  away  by  the  feed  pumps  (Article  316,  page  164),  is  dis- 
charged by  marine  engines  into  the  sea;  and  by  land  engines,  if 
there  is  sufficient  ground  available,  into  a  shallow  pond,  to  be  cooled 
and  used  again  as  condensation  water. 
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368.  BmrOtem  Cmm^ttmmw  poBBesB  the  advaatRgea  of  preserving  the 
purity  of  the  water,  by  returning  to  the  boiler  the  same  water  over 
and  oyer  again,  without  the  admixture  of  condensation  water  from 
without  (see  Aiiicle  321,  page  468),  and  of  saving  the  power  which 
is  expended  in  pumping  the  condensation  water  out  of  the  common 
condenser.  Surface  condensation  appears  to  have  been  employed 
at  an  early  period  by  Watt,  but  afteiwards  abandoned  by  him  for 
condensation  by  injection,  on  account  of  practical  <^fficulties. 
Various  smrface  condensers  have  since  been  tried  at  different  times 
with  more  or  less  success.  Those  of  Mr.  Samuel  Hall  were  fitted 
up  in  severaL  steamers. 

A  surface  condenser  consists  generally  of  a  great  number  of  ver- 
tical tubes,  about  ^  inch  in  diuneter,  united  at  their  upper  and 
lower  ends  by  means  of  a  pair  of  flat  disc-shaped  yessels,  or  of  two 
sets  of  ludiating  tubes,  or  in  some  other  convenient  manner.  This 
set  of  tubes  is  enclosed  in  a  casing,  through  which  a  sufficient  quan- 
tity of  cold  water  is  driven.  The  steam  bdng  led  by  the  exhaust 
pipe  to  the  upper  end  of  the  set  of  tubes  is  condensed  as  it  descends 
thix>ugh  them,  and  arrives  in  the  state  of  liquid  water  at  the  lower 
end  of  the  apparatus,  whence  it  is  pumped  away  to  feed  the  boiler. 

Where  condensation  water  is  scarce  or  impure,  it  may  be  de- 
sirable to  condense  the  steam  by  the  contact  of  cold  air  with  the 
outside  of  the  tubes.  To  overcome  the  chief  difficulty  of  this  pro- 
cess, which  consists  in  producing  a  sufficiently  rapid  circulation  of 
air  over  the  tubes,  Mr.  Craddock  makes  the  whole  apparatus  of 
tubes  rotate  rapidly  about  a  vertical  axi& 

Some  results  of  experiment  as  to  the  efficiency  of  cooling  surface 
in  condensing  steam  have  already  been  given  in  Article  222,  page 
266.  The  greatest  of  those  results  (that  recently  obtained  by  Mr, 
Joide)  was  the  effect  of  casing  each  condensing  tube  in  an  outer 
tube,  and  driving  a  current  of  cold  water  through  the  annular  space 
between  the  inner  and  outer  tubes  in  a  direction  contrary  to  that 
of  the  motion  of  the  condensing  steam.  To  these  data  may  be 
added  the  result  of  some  recent  experiments  on  a  marine  engine,  in 
which  the  rate  of  surface  condensation  in  half-inch  brass  tubes 
surrounded  by  water,  estimated  theoretically  tram  the  indicator 
diagrams,  was  between  3  and  4  lbs.  per  square  foot  of  suriace;  the 
"  vacuum"  in  the  condenser  being  13  lbs.  on  the  square  inch,  and 
the  abscdute  pressure,  therefore,  of  uncondensed  steam  and  air  about 
1-7  lb.  on  the  square  inch. 

In  a  marine  engine  with  a  sor&ce  condenser,  the  loss  of  water  by 
leakage,  by  blowing  off  at  the  safety  yalve,  iba,  is  supplied  by  means 
of  water  distilled  by  suitable  i^ipavatus. 


Section  5. — Of  Contieeting  MecJiamgrn. 
369.  Beam  £■«!«••  mmA  Direct  Actlag  £■(!■»• — By  C€nrVKting 
mfichanism  is  meant  the  series  of  pieces  through  whidi  motion  is 
communicated  from  the  piston  rod  to  the  piece,  whether  a  rotating 
shaft  or  a  reciprocating  rod,  bj  which  the  useful  work  is  performed. 
With  respect  to  connecting  mechanism,  steam  engines  may  be 
divided  into  two  great  classes : — 

I.  Beam  EngineSj  in  which  the  piston  rod  is  connected  by  means 
of  a  link,  with  one  end  of  a  beam  or  lever  oscillating  about  a  centre; 

the  other  end  of  the 
beam  being  connected 
by  a  link  or  connect- 
ing rod  with  the  pump 
rod  or  with  the  crank, 
according  as  the  engine 
is  non-rotative  or  rota- 
tive. The  engine  used 
as  an  illustration  in  Ar- 
ticle 389,  fig.  130,  is  a 
beam  engine  of  the  ordi- 
nary kind;  but  as  the 
beam  is  there  omitted, 
^g.  149  is  added  to  show 
the  general  arrangement 
of  mechanism  in  such  an  engine. 

II.  Direct  acting  engines^  in  which  the  pump  rod  or  the  cnuik, 
as  the  case  may  be,  is  connected  with  the  piston  rod,  either  directly 
or  by  means  of  a  connecting  rod  only.  The  engine  used  as  an 
illustration  in  Article  344,  fig.  137,  is  direct  acting. 

370.  Forces  Acitag  •■  Be«Bi  BBd  Cyiiadtor. — ^In  a  beam  engine 
the  velocities  of  the  two  ends  of  the  beam  at  any  given  instant  are 
to  each  other  directly  as  the  lengths  of  the  two  arms  of  the  beam : 
the  alternate  pulls  and  thrusts  exerted  on  the  two  ends  of  the  beam 
by  the  piston  rod  and  connecting  rod,  being  inversely  as  the  veloci- 
ties of  their  points  of  application,  are  to  each  other  inversely  as  the 
lengths  of  the  arms  of  the  beam. 

The  bearings  of  the  "  main  centre,"  or  gudgeons  of  the  beam, 
have  to  sustain,  when  the  engine  is  at  rest,  the  uxiglU  of  the  beam 
and  the  parts  which  hang  from  it :  when  the  beam  is  in  motion,  the 
sum  of  the  forces  exerted  by  the  piston  rod  and  connecting  rod  is 
added  to  that  weight  during  the  down  stroke  of  the  piston,  and  sa1> 
tracted  from  it  during  the  up  stroke. 

The  cylinder  is  pressed  alternately  downwards  and  upwards  with 
a  force  equal  and  opposite  to  the  effort  of  the  steam  on  the  piston; 


Fig.  149. 


SFFOBT  ON  CBAKK  PIK. 


and  the  strength  of  the  fastenings  of  the  cylinder  1 
must  be  regulated  aooordingl j. 

371.  Effort  on  Cnmk  Pin- Fly-Wheels — The  wl 

by  the  connecting  ix)d  on  the  crank  pin  may  be  i 
rectangular  components,  as  in  Article  2S,  page  3] 
acting  alortg  the  crank  towards  or  from  its  axis  of 
ing  merely  pressure  on  the  bearings  of  the  shaft,  an 
perpendicular  to  the  crank,  in  the  direction  of  mot 
pin,  by  means  of  which  eflfort  the  resistance  of  the  ] 
is  overcome  and  work  performed. 

To  find  the  ratio  which  that  effort  bears  to  the  < 
the  steam  on  the  piston,  in  any  given  position  of  t 
is  sufficient  to  know  the  ratio  of  the  velocity  of 
that  of  the  piston ;  for  the  effbrUf  are  inversely  as  th 

The  following  are  the  methods  by  which  that  '* 
found  at  any  instant : — 

Case  I.  In  a  beam  engine  (fig.  150),  let  C^  be 
tion  of  the  beam ;  Q^  that  of  the  crank  shaft;  T^  'i 
rod,  Tj  being  the  centre  of  the  crank  pin.  At  a  g 
t?!  be  the  velocity  of  T^  which  can  be  deduced  fron 
ton,  as  in  Article  370 ;  v^  that  of  To. 

To  find  the  ratio  of  those  velocities,  produce  ( 
they  intersect  in  K ;  K  is  the  ''  instantaneous  axis 
ing  rod,  and  the  velocity  ratio  in  question  is 

i;i:v2::KTi:KTj 

Should  K  be  inconveniently  far  off,  draw  any  trian| 
respectively  parallel  to  Cj  T^,  Cj  T^,  and  T^  Tj ;  the 
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Fig.  160. 

sides  first  mentioned  will  be  the  velocity  ratio  req 
ample,  draw  Cg  A  parallel  to  C^  Tj,  cutting  T^  Tg  i 


:CjA; 


C,T, 


Tj  Tg  the  connecting  rod.    Draw  Tj  K  perpendicular  to  T,  R,  inter- 

sii^cthig  Cg  Tg  prtKliioed  in  K  ;  X  is  the  "  ingtantaneoua  axis"  of  tlie 
connecting  rod  j  and  the  rest  of  the  solution  is  the  same  as  in  Case 
I,,  tlic  foromlse  1,  3,  giving  the  ratio  of  the  velocity  of  the  piston  to 
that  of  the  crank  pin,  wliicJi  is  tilso  the  ratio  of  the  effort  on  the 
cMLiLk  ]>in  to  the  effort  on  the  piston  j  that  is  to  say — 

Cg  Tj  :  C^  A  :  ;  effort  of  steam  on  pbton :  effort  of  connecting 

rod  on  crank  pin ,^,„.(3.) 

It  is  by  thia  procesa  that  data,  are  obtained  for  determining  the 
periodtml  excels  and  d^^jwy  of  energy  exerted  on  the  crank  shaft, 
by  the  methotls  already  *?xpiained  in  Article  52,  pagc-s  59,  60,  Gl, 
and  thence^  by  the  methods  explained  in  Article  53,  jiages  61,  62, 
the  required  moment  of  inertia  of  a  fly- we  eel  which  ahall  prevent 
the  fluctuations  of  speed  cauRcd  by  that  alternate  excess  and  defi- 
ciency from  going  beyond  given  limits. 

Marine  and  locomotive  engines  require  no  fly-wheelB;"for  in  the 
fonuer  the  inertia  of  the  projjeller,  wb ether  paddle  or  screw,  and  in 
the  Litter  that  of  the  entire  euginej  eufiice  to  prevent  exceasive  fluc- 
tuations of  speed, 

372,  D«itd  PviDih^ — At  two  instants  in  each  revolution,  the 
ditection  of  the  crank  coincidc«  with  tbe  line  of  connection  (or 
straight  line  joining  the  centres  of  the  joints  of  the  eounectmg  rod). 
The  jjosititjus  of  the  crank  pin  at  those  instants  are  called  dead 
points,  and  they  correspond  to  the  ends  of  the  stroke  of  the  piston, 
when  its  velocity  vanishes,  and  so  also  does  the  effort  on  the  emnk 
pin.  It  is  to  diminish  the  irregular  action  caused  by  the  existence 
of  these  dead  points,  and  especially  to  facilitate  the  starting  of 
engines  when  the  crank  happens  to  rest  at  one  of  them,  that 
engines  are  couihined  by  ]>!iirs  or  threes,  as  described  in  Articles 
338  and  3t>3,  with  the  effect  in  diminishiQg  the  periodioil  exoeas 
and  deficiency  of  energy  stated  in  Article  52,  page  60, 

373,  Ob  Idea  for  the  Plaiov  B«d  are  very  aceurately  stndght 
surfaces,  plane  or  cylindrical,  but  best  plane,  on  which  a  block  fixed 
to  the  head  of  the  piston  rod  wlidea,  and  which  resist  the  tendency 
of  the  link,  or  of  the  connecting  rod,  when  in  an  oblique  position, 
to  make  the  motion  of  the  piston  rod  deviate  from  a  straight  line. 
The  accuracy  with  which  smooth  plane  surEaces  can  now  be  made 
has  cau^^d  guides  to  be  more  geneiully  used  than  they  were  for- 
merly. 

374,  PKntl«l  iTt«tiotta  are  jointed  combinations  of  linkwork, 
designed  to  guide  the  motion  of  the  piston  rod  either  exactly  or 
approximately  in  a  straight  line,  in  ord©:  to  avoid  the  Mctiou 
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Fig.  162. 


whicb  attends  the  use  of  straight  guides.  The  first  parallel  motion 
is  well  known  to  have  been  an  invention  of  Watt  Four  kinds  of 
parallel  motion  will  now  be  described : — 

I.  An  Kxact  Panllel  lll«a««,  believed  to  have  been  first  proposed 
by  Mr.  Scott  Russell,  is  represented  in  £g.  152.  The  same  parts 
of  the  mechanism  are  marked  with  the 
same  letters,  and  different  successive 
positions  are  indicated  by  numerals 
affixed.  The  lever  CT  turns  about 
the  fixed  centre  C,  and  carries,  jointed 
to  its  other  end,  the  bar  or  liAk  P  T  Q, 
inwhichPT  =  TQ=CT.  The  point 
Q  is  jointed  to  a  slider  which  slides  in 
guides  along  the  straight  line  C  Q ;  and 
the  point  P  moves  in  the  straight  line 
Pj  C  P3,  J-  C  Q.  A  pair  of  the  combinations  here  shown  are  used, 
one  at  each  side  of  the  cylinder;  and  the  pair  of  bars  P  Q  are 
jointed  at  their  extremities  P  to  the  head  of  the  piston  rod. 

II.  An  Approximate  Pandlel  motfon,  somewhat  resembling  the 
preceding,  is  obtained  by  guiding  the  link  P  Q  entirely  by  means  of 
oscillating  le- 
vers, instead  of 
by  a  lever  and 
a  slide.  To 
find  the  length 
and  the  posi- 
tion of  the  axis 
of  one  of  those 
levers,  c<,  select 
any  convenient 
point,  t,  in  the 
link  P  Q,  and 
lay  down  on  a 
drawing  theex- 
treme  and  mid- 
dle    positions, 

h*  ^tf  hy  ^^  ^^^^ 
13oint,  corre- 
sponding to  the 
extreme  and 
middle      posi-  ^fif*  ^^S* 

tiona  of  the  link  P  Q.  The  centre  c  of  a  circle  traversing  those 
three  points  will  be  the  required  axis  of  the  lever,  and  c  t  will  bo 
its  length;  and  if  the  link  P  Q  is  guided  by  two  such  levers,  the 
extreme  and  middle  positions  of  P  will  be  in  one  straight  line, 

2l 


are  a  pair  of  levers,  connected  by  a  link  T  t,  and  oscillating  about 
the  axes  C,  c,  between  the  positions  marked  1  and  3.  The  middle 
positions  of  the  levers,  C  Tg,  c  t^  are  parallel  to  each  other.  It  is 
required  to  find  a  point  P  in  the  link  T  ty  such,  that  its  middle 
position  Pj,  and  its  extreme  positions  Pj,  P3,  shall  be  in  the  same 
straight  line  perpendicular  to  C  Tj,  c  t^  and  so  to  place  the  axes  C,  c, 
on  the  lines  C  Tg,  c  t^y  that  the  path  of  P,  between  the  positions 
Pj,  Pg,  P3,  shall  be  as.  near  as  possible  to  a  straight  line. 

The  axes  C,  c,  are  to  be  so  placed,  that  the  middle  M  of  the  versed 
sine  V  Tg,  and  the  middle  m  of  the  versed  sine  v  t^  of  the  respective 
arcs  whose  equal  chords  Tj  Tg  =  t^  t^  represent  the  stroke,  shall 
each  be  in  the  line  of  stroke  M  m. 

The  position  of  the  point  P  on  the  link  is  found  by  the  following 
proportional  equation : — 


T<;PT:Pf  ::CM  +  cm:cm:  CM (1.) 

The  positions  of  the  point  P  in  the  link,  intermediate  between  its 
middle  and  extreme  positions,  are  near  enough  to  a  straight  line 
for  practical  purposes.  When  there  are  given,  the  axes  C,  c,  the 
line  of  stroke  P^  Pg  P3,  the  length  of  stroke  PjPg  =  S,  and  the 
perpendicular  distance  M  m  between  the  middle  positions  of  the 
two  levers,  the  following  equations  serve  to  compute  the  lengths 
of  the  levers  and  link : — 


Versed  sines. 


rfy ^^^^  . 

■"8CM' 


—  S2 


Levers, 


Link, 


CT=CM+ 


TV 


T^ 


=  \/  {m 


m^ 


8  cm 

-      -      .  ^. 
c<  =  cm  'T"~o^  > 

f"  4  / 


(2.) 


IV.  Watt's  Panllel  1II«c1«m  Slodifled  by  having  the  guided  point 
P  in  the  prolongation  of  the  link  T  t  beyond  its  connected  points, 
instead  of  between  those  points,  is  represented  by  fig.  154.  In  this 
case,  the  centres  of  the  two  levers  are  at  the  same  side  of  the  link, 
instead  of  at  opposite  sides,  the  shorter  lever  being  the  &rther  from 
the  guided  point  P ;  and  the  equations  1  and  2  are  modified  as 
follows : — 

Segments  of  the  link — 

T7  :  PT  :  P<  :  :  CM  -c^iiFm:  CM (3.) 


ana  dock  uiiks  are  oonnecteo.    r  moves  sensibly  m  a  artraignt  line  • 

^^  =  ^-  is  a  constant  ratio:  therefore  B  moves  sensibly  in  a 
cT      ct  ^ 

straight  line  parallel  to  that  in  which  P  moves. 

A  poTolldogram  analogous  to  A  B  T  t  may  also  be  combined  with 

the  parallel  motion  IV. 


/^./^ALU/ 


Fig.  l.-^0. 


3iO,  BM«  i^vTta-  KngiB^  are  a  variety  of  beam  engine  much 
used  in  fjiuldie  sttamers.     Figs,  l^ij  auid  15T  reprraent  ilie  ^im^ 
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arrangement  of  a  pair  of  such  engines^  driving  a  pair  of  cranks  at 
Tight  angles  to  each  other:  fig.  166  being  a  side  view  of  the  port 


Fig.  157. 

engine,  and  fig.  157  a  view  of  the  cylinder  ends  of  both  engines. 
Each  engine  has  a  pair  of  side  levers  or  beams  below  the  level  of  the 
shaft  and  of  the  cylinder  cover;  they  are  fixed  on  the  opposite  ends 
of  one  rocking  shaft,  which  is  the  main  centre.  The  piston  rod 
Carries  a  cross-head,  like  that  of  the  letter  T,  from  the  ends  of 
which  hang  a  pair  of  side  rods,  connecting  it  with  the  ends  of  the 
l>air  of  side  levers.  The  opposite  ends  of  the  side  levers  are  con- 
nected with  a  cross-taily  which,  being  fixed  on  the  lower  end  of  the 
connecting  rod,  gives  it  the  shape  of  the  inverted  letter  j;.  In  ^g. 
166,  a  is  the  cylinder,  b  one  of  ^e  side  levers,  c  the  sole  plate  wi& 
vertical  flanges,  which  carries  the  engines  and  their  frame ;  d  the 
air  pump  rod  with  its  cross-head  and  side  rods,  e  the  crank,  /» A  a 
paddle  wheel, /an  eccentric  with  its  counterpoise. 
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376.  TmHtfOM  In  lMr«ct  JLctlag  HburiiM  JBasiMcs  are  80  mUDerous 
that  they  would  require  a  separate  treatise  for  their  description. 
The  objects  aimed  at  in  them  are,  in  paddle  steamers,  length  of 
stroke,  notwithstanding  limited  head  room;  and  in  screw  steamers, 
compactness  and  convenience,  especially  in  ships  of  war,  where  the 
whole  engine  has  to  be  placed  below  the  water  line.    Some  of  them 


I 
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Fig.  168. 

have  been  sufficiently  described  un- 
der the  head  of  cylinders.  Articles 
353,  354,  355,  358,  Fig.  158  is  a 
cross-section,  and  fig.  159  a  side 
view,  of  a  pair  of  oscillating  engines, 
such  as  have  been  mentioned  in 
Article  358.  The  air  pump  is 
worked  by  a  crank  in  the  middle  of 
the  shaft  Figs.  160  and  161  repre- 
sent a  pair  of  "  steeple  engines,'*  in 
which,  from  each  oylinder,  a  pah- 
of  long  piston  rods  rise  on  opposite 
sides  of  the  shaft,  and  also  of  the 
crank,  carrying  a  cross-head  from 
which  the  connecting  rod  hangs 
downwards.  In  fig.  161  is  seen  the 
air  pump,  worked  by  a  lever  and 
Fig.  159.  ^     li^^g^    Yi^  lg2  and  163  represent 

a  pair  of  Messrs.  Maudslay's  double   cyhnder  engines,  in  which 
there  are  four  cylinders,  two  for  each  engine.     Fig.  163  shows  the 


L 


two  nmilar  and  equal  cyliu 
side  by  side;  their  piston 


Fig  160. 


respects  like  two  parts  of  o 
fixed  to  the  cross-head  of  a 
of  the  stems  of  which  mov 
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the  cylinders,  and  give  motion  through  the  connecting  rod  to  the 
crank.     The  air  pump  is  worked  through  a  lever  and  links. 

^  The     simplest    arrange- 

ment of  direct  acting  screw 
engines  used  in  merchant 
vessels  will  be  iUustrated  in 
•a  subsequent  Article.  In 
ships  of  war,  those  engines 
are  brought  below  the  water 
line,  generally  by  placing 
their  cylinders  either  hori- 
zontal or  very  much  in- 
clined. Contrivances  for 
this  object  have  given  rise 
to  an  incalculable  variety 
of  forms  of  engine. 
377.  Co«fUb«  simfis  •r 

^ Blariwe  KagfaM*.— In  paddle 

engines,  the  shaft  consists 
^'^  ^^^'  of  three  pieces,  each  with 

its  independent  bearings.  The  middle  piece,  called  the  irUermediaie 
ahafty  or  engme  skaft^  is  in  permanent  connection  with  the  pistons 
through  the  connecting  rods.  The  two  outer  pieces,  called  the 
paddle  slwfia^  carry  the  paddle  wheels :  they  have  cranks  upon  tiieir 
inner  ends,  which  can  be  at  will  connected  with  and  disconnected 
from  the  crank  pins  of  the  cranks  of  the  engine  shaft  The  details 
of  the  method  of  doing  this  vary  very  much  in  the  practice  of 
different  engineers. 

In  screw  engines  also,  the  eTigine  shaft  and  screw  shaft  can  be 
connected  and  disconnected  by  various  contrivances. 

378.  Sivengtii  mt  jn^ehmmUm  um4.  Bwrnmimf^ — ^The  principles  upon 
which  the  strength  of  mechanism  depends  have  been  explained  in 
Section  8  of  the  Introduction ;  and  it  has  also  been  shown  how 
they  are  to  be  applied  to  the  principal  pieces  which  occur  in  the 
mechHuism  of  steam  engines,  such  as  piston  rods,  connecting  rods, 
cross-heads,  cross-tails,  beams,  cranks,  axles,  wedges,  keys,  &c 

Care  must  be  taken  in  all  calculations  on  this  subject,  to  consider 
all  the  variations  which  the  forces  acting  amongst  the  pieces  of  the 
mechanism  undergo,  whether  in  magnitude  or  in  direction,  and  to 
take  into  account  that  condition  of  those  forces  in  which  the  stress 
produced  by  them  is  the  most  severe.  Care  must  also  be  taken 
not  to  consider  efforts  and  resistances  alone,  but  the  entire  forces 
applied  to  each  piece,  whether  direct  or  lateral  (Article  8,  page  6 ; 
Article  23,  page  31 ).  For  example,  it  is  not  the  mere  effort  in  the 
direction  of  motion  of  the  crank  pin  which  is  to  be  considered  in 
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determining  the  requisite  strength  of  the  crank,  but  the  whole 
thrust  or  pull  exerted  along  the  connecting  rod. 

The  framework  by  which  a  moving  piece  is  held  or  supported, 
exerts  upon  that  piece  a  force  or  forces  sufficient  to  prevent  it  from 
being  dislodged  from  its  proper  bearings,  and  must  be  made  suffi- 
ciently strong  to  bear  with  safety  all  the  forces  exerted  by  other 
bodies  upon  the  moving  pieces  which  it  carries. 
.  For  example,  in  a  beam  engine,  the  principal  f^arts  of  the  fmme- 
work  are,  the  sole  or  base,  and  the  piUars  for  alternately  supporting 
and  holding  down  the  main  centre  of  the  beam.  At  one  end  of  the 
base,  the  cylinder  must  be  fixed  down  to  it  by  bolts  capable  of 
safely  resisting  an  upward  pull  equal  to  the  greatest  effort  on  the 
piston.  At  the  other  end,  the  bearings  of  the  shaft  must  be  fixed 
down  with  equal  £rmness.  The  supports  of  the  main  centre  must 
be  strong  enough  to  bear  the  forces  acting  upon  it,  determined  in 
the  manner  explained  in  Article  370.  The  base  itself  must  possess 
transverse  strength  sufficient  to  bear  safely  the  tendency  of  the 
forces  applied  to  its  ends  and  middle  to  break  it  across,  producing 
a  moment  o/Jlexure  (Article  73,  page  75)  at  each  instant,  equal  and 
opposite  to  that  which  acts  on  the  beam. 

Similar  principles  apply  to  the  side  lever  engine,  except  that  the 
pillars  support  and  hold  down  the  bearings  of  the  engine  shaft 

In  a  direct  acting  engine,  the  principal  parts  of  the  frame  are  the 
pillai-s  or  rods  by  which  the  cylinder  and  the  shaffc  are  kept  in  their 
proper  relative  positions,  and  which  have  to  resist  a  pull  and  a 
thrust  alternately. 

879.  Bahuicteg  •£  MechMiinn. — ^All  the  moving  parts  in  an  engine 
ought  as  far  as  possible  to  be  balanced;  that  is  to  say,  that  every 
axis  about  which  moving  parts  turn  or  vibrate,  or  have  a  recipro- 
cating motion,  should  either  exactly  or  as  nearly  as  possible  traverse 
the  common  centre  of  gravity  of  all  the  parts  that  its  bearings  sup- 
port, and  be  a  permanent  axis  of  those  parts  which  turn  with  it. 
The  reasons  for  doing  this,  and  the  principles  according  to  which  it 
is  to  be  efiected,  have  been  explained  in  Articles  21,  22,  pages 
27  to  30.  It  is  of  special  importance  as  applied  to  the  crank 
shaft. 

The  weight  of,  and  the  centrifugal  force  and  couple  produced 
by,  any  mass  which  is  fixed  to  the  shaft  and  rotates  sdong  with  it, 
such  as  a  crank  or  eccentric,  can  easily  be  balanced  by  counterpoises 
fixed  to  and  rotating  along  with  the  shaft  also.  In  the  case  of  a 
mass  which  only  partially  partakes  of  the  motion  of  the  shaft,  such 
as  a  piston,  the  balance  of  weight  and  inertia  caimot  be  exactly 
realized  in  all  positions  of  the  engine,  but  must  be  approximated 
to  in  the  way  which  may  seem  best  to  the  judgment  of  the 
engineer. 
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In  Article  347  it  has  been  shown  how  the  weight  of  the  pistou 
in  vertical  cylinders  is  approximately  balanced  by  a  proper  aJdjust- 
ment  of  the  pressure  of  the  steam.  In  this  case  it  is  probably  best, 
in  order  to  avoid  horizontal  vibrations,  that  the  weight  of  the  piston, 
its  rod,  and  half  the  connecting  rod,  should  be  balanced  by  steam 


Fig.  1C4. 
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pressure  alone,  the  crank  and  the  other  half  of  the  connecting  rod 
being  balanced  by  counterpoises  fixed  on  the  shaffc.  *  In  engineH 
with  horizontal  cylinders,  on  the  other  hand,  it  is  probably  best  to 
treat  the  whole  weight  of  the  piston,  piston  rod,  and  connecting 
rod,  as  if  it  were  concentrated  at  and  revolved  along  with  the  crank 
pin,  and  to  fix  counterpoises  on  the  shaft  suited  to  that  supposi- 
tion; and  this  method,  or  one  not  greatly  difiering  from  it,  appeai-s 
to  have  been  practised  by  Messrs.  Bourne  <k  Co.  in  their  horizontal 
single  cylinder  screw  engine,  with  good  results.. 


Section  6. — Examples  of  Pumping  and  Marine  En-gines. 

380.  BxaMFlM  •<'«  €«rBl«h  PanpiBg  £■«!■«. — Figs.  164,  W\ 
and  166,  represent  a  single  acting  non-rotative  beam  engine,  known 
as  the  "  Cornish  engine,"  and 
used  for  draining  mines,  and  for 
supplying  towns  with  water. 

Fig.  164  is  a  general  elevation 
or  side  view. 

Fig.  165  is  an  elevation,  and 
fig.  166  a  plan,  of  the  valve 
gear. 

As  to  the  general  arrange- 
ment of  the  valve  gear,  see  Ar- 
ticles 342  and  343. 

A  is  the  cylinder ;  B,  the 
piston  rod ;  C  I)  E,  the  beam ; 
F,  the  main  pump  rod;  G,  the 
tappet  rod  or  plug  rod;  H,  the 
equilibrium  pipe,  which,  when 
the  equilibrium  valve  is  open, 
connects  the  top  and  bottom 
of  the  cylinder ;  I,  the  exhaust 
pipe  ;  K,  the  condenser  ;  L,  the 
air  pump  ;  M,  the  feed  pump ; 
N,  its  supply  pipe;  and  O,  its 
discharge  pipe. 

P  is  the  "  cataract y*  as  to  the 
general  nature  of  which  see  Ar- 
ticle 343.  Q,  the  chest  of  the 
throttle  valve;  a,  its  spindle; 
6c,  a  lever;  and  dd,  a,  rod  and 


Fig.  165. 


handle  to  adjust  its  opening;  Z>  the  passage  through  which  it  com- 
municates with  the  steam  valve  box  R  S,  the  equilibrium  valve 
box.     T,  the  exhaust  valve  box. 
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e  is  the  pump  of  the  cataract,  standing  in  a  small  tank ;  its  piston 
rod  is  attached  to  an  arm  projecting  from  the  rocking  shaft  ff. 

From  that  shaft  there 
projects  another  lever 
gy  which  is  depressed 
by  the  tappet  rod  G 
when  near  the  bot- 
tom of  its  down 
stroke,  so  as  to  lift 
the  piston  of  the 
pump.  A  third  arm 
projecting  from  the 
same  shiStX/"  carries 
a  weight  t,  which,  as 
soon  as  the  tappet 
rod  begins  to  rise 
and  leave  the  lever 
g  free,  causes  the 
piston  to  descend 
f"»5-  !««•  slowly. 

Meanwhile  the  tappet  rod,  when  at  the  bottom  of  its  descent 
has  shut  the  exhaust  valve  by  means  of  the  tappet  y,  and  opened 
the  equilibrium  valve :  the  piston  has  ascended ;  and  at  the  top  of 
the  up  stroke  the  tappet  rod  has  shut  the  equilibrium  valve,  so 
that  the  engine  is  ready  to  b^n  a  new  stroke  so  soon  as  the  exhaust 
valve  and  steam  valve  shall  be  re-opened. 

The  weight  t  continues  to  press  down  the  cataract  piston,  and  to 
cause  the  lever  g  to  rise.  This  lever  supports  a  small  vertical  rod, 
hidden  in  fig.  165  behind  the  tappet  rod  G,  from  which  small  rod 
there  projects  a  peg,  that  at  length  lifts  the  lever  k.  From  the 
lever  k  there  projects  a  catch  that  holds  a  tooth  projecting  from  the 
rocking  shaft  m,  and  prevents  that  shaft  from  turning  under  the 
action  of  the  loaded  road  I  that  hangs  from  a  short  lever  projecting 
from  the  shaft  m.  When  the  lever  k  is  lifted,  the  shaft  m  is  set 
free,  whereupon  I  descends,  m  turns,  the  handle  n  projecting  from 
m  rises;  the  short  lever  projecting  from  m  pulls  the  loaded  rod  op 
towards  the  right  of  the  figure,  which,  through  the  bell  crank  pqr, 
lifts  the  spindle  8  of  the  exhaust  valve,  and  opens  that  valve  so  as 
to  let  the  steam  from  below  the  piston  escape  to  the  condenser. 

The  before-mentioned  vertical  rod  I'esting  on  g  continues  to  rise ; 
a  peg  projecting  from  it  lifts  the  lev^r  t,  similarly  placed  to  k,  but 
higher,  and  in  the  same  manner  as  a  catch  on  k  liberates  a  weight 
whose  descent  opens  the  exhaust  valve,  a  catch  on  t  liberates  a 
weight  whose  descent  opens  the  steam  valve.  The  steam  is  admitted, 
and  the  down  stroke  begins. 
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At  a  point  of  the  down  stroke  fixed  by  adjusting  the  position  of 
the  long  tappet  x  on  the  tappet  rod,  that  tappet  presses  down  the 
handle  u  aa  to  shut  the  steam  yalve,  and  hold  it  shut  for  the 
remainder  of  the  stroke,  which  is  performed  by  expansion. 

As  the  down  stroke  is  completed  the  cycle  of  operations  already 
described  recommences. 

The  ascent  of  the  piston  while  the  equilibrium  valve  is  open  is 
produced  by  a  slight  preponderance  of  the  weig)it  of  the  main  pump 
rod  and  its  load  above  the  weight  and  resistance  of  the  column  of 
.water  which  the  plungers  raise.  The  energy  exerted  by  the  steam 
on  the  piston  during  the  down  stroke  is  stoi%d  in  lifting  the  pump 
rod  and  its  load,  as  has  been  explained  in  Article  32,  page  37. 
The  cylinders  of  Cornish  engines  are  jacketed  above,  below,  and  all 
roimd,  and  clothed  with  felt  and  planking. 

In  direct  acting  non-rotative  pumping  engines  the  up  stroke  is 
the  effective  stroke,  the  steam  being  admitted  and  expanded  below 
the  piston,  then  passed  by  the  equilibrium  valve  from  the  bottom  to 
the  top  of  the  cylinder,  and  then  discharged  into  the  condenser. 
The  arrangement  of  the  mechanism  somewhat  resembles  that  of  the 
water  pressure  engine  in  Article  132,  ^g.  40— except  that  in  general 
the  piston  rod  proceeds  upwards  through  a  stuffing-box  in  the  cylin- 
der cover,  and  carries  at  the  top  a  cross-head,  from  the  ends  of  which 
hang  links,  attached  at  their  lower  ends  to  the  cross-head  of  the 
pump  rod.  Another  arrangement  is,  to  have  a  pair  of  similar  and 
equal  cylinders,  standing  side  by  side,  whose  piston  rods  support  tlie 
ends  of  a  cross-head,  from  the  middle  of  which  the  pump  rod 
hangs. 

381.  ]»««ble  Actiag  PMrnpipg  Eastecs  are  now  very  common,  in 
which  the  piston  rod  of  a  double  acting  pump  is  continuous  with 
that  of  the  engine.  Such  engines  are  rotative,  having  a  fly-wheel 
driven  by  means  of  a  crank  for  the  purpose  of  making  the  motion 
steady.     The  cylinder  and  pump  are  often  horizontal. 

382.  Bxample  mt  Vertical  larcvted  Screw  Hariae  Baglaec — Figs. 
167  and  168  represent  the  pair  of  engines  of  the  "  Indian  Queen," 
by  Messrs.  Neilson  &  Co.  These  engines  have  been  selected  for 
the  purpose  of  illustration,  because  they  are  very  good  and  effi- 
cient specimens  of  engines  for  a  screw  merchant  steamer,  and  at 
the  same  time  contain  nothing  unusual  in  their  parts  or  arrange- 
ment* Fig.  167  shows  a  front  elevation,  and  a  vertical  section  of 
part  of  the  forward  cylinder  and  part  of  the  valve  chest.  Fig.  168 
is  a  side  elevation  looking  towards  the  head  of  the  ship.  The  scale 
is  TV  of  the  real  dimensions.  Each  cylinder  has  an  ordinary  slide 
valve  moved  by  a  link  motion  (Article  348),  and  a  gridiron  ex- 

*  Through  inadvertence,  figs.  167  and  168  have  been  reversed  as  to  rigbt  and  left; 
90  that,  while  the  actual  engines  face  to  port,  the  figures  show  them  as  fadog  to  starboard. 


526 


errEAM  and  other  heat  engines. 


I)aiision  slide  valve  worked  by  a  separate  eccentric  (Article  350). 
The  cylinders  are  steam  jacketed,  and  also  clothed  in  felt  and 
wood. 

A,  A,  are  the  cylinders.  B,  part  of  the  piston  of  the  forward 
engina  C,  C,  cylinder  ports.  D,  exhaust  port  E,  ordinaiy  slide 
valve.     F,  gridiron  expansion  valve. 

G,  G,  G,  G,  are  the  eccentric  rods  of  the  two  link  motions  for 
working  the  ordinary  slide  valves.     Of  these  rods  only  one  is  shown 
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in  fig.  168.     H,  H,  eccentric  rods  of  the  two  expansion  valves.     K, 
the  shaft. 


INVERTED  VERTICAL   SCREW  ENGINES. 


L,  in  fig.  167,  the  fore  crank.  L,  in  fig.  168,  the  after  crank,  dotted. 
M,  in  fig.  168,  the  aft  connecting  rod. 
N,  in  fig.  168,  the  aft  piston  rod. 

In  fig.  167  the  piston  and  connecting  rods  are  hidden  hy  pillars  of 
the  frame  and  guides.     O  are  levers  dnven  bj  links  connected  with 


Fig.  168. 

the  piston  rod  heads  to  work  the  pumps.  P,  P,  air  pumps.  Q, 
condenser.     R,  hot  well  with  air  vessel  above. 

S,  S,  exhaust  pipes  of  cylinders. 

T,  T,  feed  pumps,  worked  by  rods  attached  to  cross-heads  on  the 
air  pump  trunks. 


^28  STEAM  AND  OTHER  HEAT  ENOIKES. 

U,  vheel  to  turn  the  acrev  which  Bhifte  the  links  of  the  link 
motions  when  the  engines  are  to  be  reversed  or  stopped,  the  valve  rods 
being  at  rest  laterally. 

This  pair  of  engines,  when  making  75  revolutions  per  minute, 
with  a  i*atio  of  expansion  of  5,  is  of  320  indicated  horse-power, 
and  burns  3  lbs.  of  coal  per  indicated  horse-power  per  hour;  the 
efBciency  of  the  steam,  and  of  the  furnace  and  boiler,  as  well  as  the 
rate  of  expansion,  being  almost  exactly  the  same  as  in  the  engines 
i^fen-ed  to  in  Article  289,  Example  L,  pages  405,  406. 

Section  7. — Locomotive  Engines. 

383.  B«r«r«ace  to  PntImm  amIcIm* — Besides  the  general  charac- 
teiistics  which  locomotive  engines  possess  in  common  with  other 
steam  engines,  the  peculiarities  of  those  engines  have  been  frequently 
referred  to  in  pi-evious  parts  of  this  work,  and  especially  in  the  fol- 
lowing places : — 

Article  229,  page  281  (supply  of  air  to  fuel). 

Article  230,  pages  282,  283  (distribution  of  air,  and  contrivances 
to  prevent  smoke.) 

Article  232,  page  285  (rate  of  combustion). 

Article  234,  Division  IV.,  pages  293  to  297,  especially  examples 
IV.,  v.,  VI.,  VII.,  VIII.  (efficiency  of  furnace  and  evaporative 
power  of  fuel). 

Article  280,  pages  382,  383  (back  pressure). 

Article  286,  page  396  (use  of  heating  the  cylinder  externally). 

Article  289  a,  page  412  (use  of  high  pressure  oondensation)^ 

Article  290,  pages  413  to  416  (resistance  of  the  regulator). 

Articles  303,  304,  305,  pages  449  to  452  (furnace  and  boiler). 

Article  306,  page  456  (grate  and  its  ash-pan). 

Article  308,  page  457  ^height  of  furnace).      « 

Article  312,  page  459  mre-box  stays). 

Article  312,  page  460  (tubes  and  boiler  shell). 

Article  315,  page  463  (boiler  room). 

Article  317,  page  465  Tsafety  valves). 

Article  341,  page  485  (throttle  valve). 

Article  347,  pages  491  to  496  (expansion  by  the  link  motion). 

384.  A4liMi«M  mf  WheeU. — ^The  tractive  efibrt  which  a  locomo- 
tive engine  can  exert  is  limited,  not  only  by  a  quantity  depending 
on  the  dimensions  of  the  cylinder  and  driving  wheels  and  the  effec- 
tive pressure  of  the  steam,  but  also  by  the  adhesion  between  the  driv- 
ing wheels  and  the  rails,  which  means  the  friction  between  them, 
acting  so  as  to  prevent  slipping.  If  the  resistance  of  the  load  drawn 
exceeds  the  adhesion,  the  wheels  turn  roimd  without  advandng. 

The  adhesion  is  equal  to  the  pix>duct  of  that  pert  of  the  weight  of 
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the  engine  which  rests  on  the  driving  wheels  into  a  oo-effident  of 
friction  which  depends  on  the  condition  of  the  surfaces  of  the  wheels 
and  rails.  The  value  of  that  co-efficient  is  from  01 5  to  0*2,  when 
wheels  and  rails  are  clean  and  diy;  but  when  they  are  damp  and 
slimy,  or  in  the  condition  called  "  greasy/'  it  diminuhes  sometimes 
to  0*07  or  0-05.  About  0*1  may  be  considered  an  average  ordinary 
value. 

The  proportion  of  the  weight  of  the  eilgine  which  rests  on  the 
driving  wheels  depends  on  the  number  and  arrangement  of  the 
wheels,  the  number  of  pairs  driven  by  the  engine,  and  the  distribu- 
tion of  the  load  upon  them.  The  number  of  wheels  ranges  frx)m 
two  to  five  pairs — the  most  common  number  being  three  pairs — of 
these  fri)m  one  pair  to  the  whole  are  driven  by  the  engine.  The 
proportion  of  the  weight  of  the  engine  which  rests  on  the  driving 
wheels  may  be  estimated  to  range  from  one-third  to  the  whole. 
One-half  is  probably  the  most  usual  proportion  in  six-wheeled 
engines  with  one  pair  of  driving  wheels  tinder  the  middle  of  the 
engine,  which  is  the  most  common  arrangement  in  passenger 
engines;  two- thirds,  in  six-wheeled  and  eight-wheeled. engines  with 
two  pairs  of  wheels  coupled  so  as  to  be  driven  by  the  engines, 
which  is  a  common  arrangement  in  goods  engine&  Engines  with  all 
the  wheels  coupled  are  used  for  slow  and  heavy  trains,  and  in  them, 
of  course,  the  whole  weight  rests  on  driving  wheels. 

The  weights  of  locomotive  engines  range  from  5  to  40  tons  in 
extreme  cases ;  but  the  most  ordinary  weights  are  frt)m  20  to  25  tons. 
When  the  stock  of  fuel  and  water  are  carried  in  a  tender,  the  weight 
of  the  engine  itself  is  alone  available  to  produce  adhesion,  unless, 
as  is  sometimes  the  case  on  very  steep  railways,  the  wheels  of  the 
tender  are  coupled  to  those  of  the  engine  by  gearing  chains  and 
pulleys.  Some  engines,  called  tank  engines,  carry  their  own  stock  of 
fuel  and  water — ^the  ftiel  on  the  platform  behind  the  fire«box,  and  the 
water  in  a  tank  above  the  barrel  of  the  boiler— and  in  them  the 
adhesion  is  greatest  on  first  starting  from  a  station  where  friel  and 
water  are  taken  in,  and  gradually  diminishes  as  the  stock  is  con- 
sumed. 

385.  BesifliMice  mf  £■«>■••  wi^  Tnitas. — The  authority  now 
chiefly  relied  upon  for  the  resistance  of  engines  and  trains  on 
railways  ia  that  of  a  series  of  experiments  by  Mr.  Gooch  on  the 
broad  gauga  The  following  empirical  formula  represents  with 
tolerable  accuracy  the  results  of  those  experiments : — 

Let  E  be  the  weight  of  the  engine  and  tender  in  tons, 

T,  the  weight  of  the  train  in  tons: 

V,  the  velocity  in  miles  cm  how. 

i,  the  inclination  of  the  line,  expressed  as  a  fraction ;  ascents 
being  considered  as  positive,  and  descents  as  negative. 
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Besistance  of  the  train  in  lbs. 

={6  +  0-3(V— 10)=t=22404T; i.(l.) 

Resistance  of  the  engine  and  tender  in  lb& 

=  {12  +  0-6  (V—10)=tz2240t}E; (2.) 

Total  resistance  in  lbs. 

=  {6+0-3(V— 10)}(T+2E)=i=2240t(T+E) (3.) 

At  velocities  less  than  ten  miles  an  hour  the  term  containing  Y — 10 
is  to  be  omitted :  the  resistance  being  sensibly  constant  below  that 
speed. 

Mr.  D.  K.  Clark  prefers  to  such  formula  as  the  aboye,  another 
set  of  formulse  in  which  the  resistance  is  treated  as  consisting  of  a 
constant  part,  and  a  part  increasing  as  the  square  of  the  speed;  as 
foUows : — 

Resistance  of  train,  in  lbs.  =  (6  +  ^75  =t=  2240 1)  T; (4.) 

Resistance  of  engine  and  tender,  in  lbs. 

=  (®  +  ^0=^2240»)E+(2+^)(T+E); (d.) 

The  second  term  of  this  is  the  resistance  of  the  mechanism. 

Total  resistance,  in  lbs.  =  (8  +  — -  db  2240  *)  (T  +  E) (6.) 

The  resistance  on  a  curve  exceeds  that  on  a  straight  line,  acooid- 
ing  to  experiments  by  Lieutenant  David  Rankine  and  the  Author, 
made  at  low  velocities,  to  the  amount  of 

1  -4  lb.  per  ton 
radius  of  curve  in  miles ^  "' 

The  mean  effective  effort  of  the  steam  on  the  pistons  required  to 
overcome  a  given  total  resistance  of  engine  and  train  is  given  by  the 
following  equation,  in  which  A  is  the  total  area  o/both  pistong,  and 
p^  -p,  the  mean  ^ectiwe  presmre. 

.  Total  resistance  x  circumference  of  driving  wheel    ^^  * 

A  (/>•  -Pt)  =  2  X  length  of  stroke  of  piston  ^^ 

386.  Tke  BaUuicliic  •f  Bagfaea*  both  as  to  centrifugal  forces  and 
centrifugal  couples,  is  of  great  importance  as  a  means  of  preventizig 
dangerous  oscillations.  The  principle  according  to  which  it  is 
effected  is,  to  conceive  the  mass  of  the  pistons,  piston  rods^  and 
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connecting  rods,  and  a  weight  having  the  same  statical  moment 
as  the  cranky  as  concentrated  at  the  crank  pins,  and  to  insert 
between  the  spokes  of  the  driving  wheels  counterpoises  whose 
weights  and  positions  are  r^nlated  by  the  principles  explained  in 
Articles  21  and  22,  pages  27  to  30. 

The  following  are  the  formuke  to  which  these  principles  lead : — 

Data — 

W,  total  weight  conceived  to  be  concentrated  at  one  crank  pin. 

c,  length  of  the  crank,  measured  from  the  axis  of  the  axle  to  the 
centre  of  the  crank  pin. 

a,  distance  of  the  centre  of  the  crank  pin,  measured  parallel  to  the 
axle,  from  the  middle  of  the  length  of  the  axla 

b,  distance  of  the  centre  of  a  wheel  from  the  middle  of  the  length 
of  the  axle. 

r,  radius-vector  of  each  counterpoise;  being  the  distance  of  its 
centre  of  gravity  from  the  axis  of  ^e  axle. 

Requibed — 

i,  angle  which  that  radius-vector  makes  with  a  plane  traversing 
the  axis  in  a  direction  midway  between  the  directions  of  the  two 
cranks,  and  pointing  the  opposite  way  to  those  directions.  The 
cranks  being  at  right  angles  to  each  other,  make  angles  of  135°  with 
the  plane  in  question. 

Wf  weight  of  each  counterpoise. 

Results— 

i  =r  arc  tan  •  j- ; (1.) 


^  =  ^'r'  V  ^6^=  /2--rcost <^> 

In  practice,  those  formula  may  be  used  to  find  a  first  approxi- 
mation to  the  required  position  and  weight  of  the  counterpoises ; 
but  the  final  adjustment  is  always  performed  by  trial;  the  engine 
being  hung  up  by  chains  attached  to  the  four  comers  of  its  fireune, 
and  the  machinery  set  in  motion :  a  pencil  attached  to  the  frame 
near  one  angle,  marks,  on  a  horizontal  card,  the  form  of  the  oscilla- 
tions, being  usually  an  oval;  and  the  counterpoises  are  adjusted 
until  the  orbit  described  by  the  pencil  is  reduced  to  the  least 
possible  magnitude.  When  the  adjustment  is  successful,  the 
diameter  of  that  orbit  is  reduced  to  about  iV  of  an  inch. 

387.  The  mum  pipe  has  the  effect  of  adjusting  the  draught  of 
the  furnace,  and  consequently  the  rate  of  consumption  of  fuel,  to 
the  work  to  be  performed  by  the  engine  with  very  different  loads, 
and  at  veiy  different  speeds;  and  is  on  that  account  perhaps  the 
most  important  of  the  peculiar  parts  of  the  locomotive  engine. 
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Its  effect  upon  the  back  pressure  in  the  cylinder  has  alreaidy  been 
considered  in  Article  280,  pages  382,  383. 

The  effect  of  the  bkwt  pipe  in  producing  a  draught  depends  upon 
its  own  diameter  and  position,  on  the  diameter  of  the  chimney,  and 
on  the  dimensions  of  the  fire-box,  tubes,  and  smoke-box.  Mr.  D.  K. 
Clark  has  investigated  the  influence  of  these  dicnmstftnces  from 
his  own  experiments,  and  from  those  of  Messrs.  Kamsbottom, 
Poloncean,  and  others,  and  has  shown  that  the  Taeuum  in  the 
smoke-box  is  about  0'7  of  the  blast  pressure :  that  the  vacuum  in 
the  fij:e-box  is  from  ^  to  ^  of  that  in  the  smoke-box:  that  the  rate 
of  evaporation  varies  nearly  as  the  square  root  of  the  vacuum  in 
the  smoke- box :  that  the  best  proportions  of  the  chimney  and  other 
parts  are  those  which  enable  a  given  draught  to  be  produced  with 
the  greatest  diameter  of  blast  pipe,  be»Eiuse  the  greater  that 
diameter,  the  less  is  the  back  pressure  produced  by  the  resistance 
of  the  orifice :  that  the  same  proportions  are  best  at  all  rates  of 
expansion  and  at  all  speeds:  and  that  the  following  proportions 
are  about  the  best  known: — 

Sectional  area  of  tubes  within  ferules, =  -^  area  of  grate. 

Sectional  area  of  chimney, ^  f^  area  of  grate. 


15 
Area  of  blast  orifice  (which  should  be  |       ^ 

somewhat   below  the    throat  of   the  >=^  area  of  grate. 

chimney, ) 

Capacity  of  smoke-box, =  3  feet  x  area  of  grate. 

Length  of  chimney, =it8  diameter  x  4. 


If  the  tubes  are  smaller,  the  blast  orifice  must  be  made  smaller 
also ;  for  example,  if 

Sectional  area  of  tubes  within  ferules =^Tn  ^u^^o^gndie. 

Then  area  of  blast  orifice ^qn  area  of  grate. 

388.  BnuBplM  •£  l««emn«ciTe  BagteM. — The  examples  here  given 
are  from  two  locomotive  engines  by  Messrs.  Neilson  &  Co.,  which  are 
selected,  like  the  screw  marine  engines  of  Article  382,  because  tihey 
are  good  and  efficient  specimens  of  the  class  of  engines  to  whic^ 
they  belong,  and  have  nothing  unusual  in  their  proportions  and 
arrangements. 

Fig.  169  is  a  side  view  copied  from  a  photograph  of  a  six- wheeled 
engine,  with  two  pairs  of  wheels  coupled.  Its  scale  is  about  A  of 
the  real  dimensions. 
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Fig.  170  is  a  longitudinal  section  of  an  engine  of  the  same  class 
with  the  preceding,  but  with  somewhat  larger  driving  wheels,  being 


Fig.  169. 

intended  for  a  less  steep  line  and  higher  speeds.  The  scale  is  iw  of 
the  real  dimensions.     The  details  of  the  valve  gearing  are  omitted. 

Fiff.  171  shows,  at  the  lefb-hand  side,  a  pross-section  through 
half  uie  fire-box,  and  at  the  right-hand  side,  a  cross-section  through 
half  the  smoke-box,  of  the  same  engine. 

Fig.  172  is  an  elevation  of  the  valve  gearing  of  one  cylinder, 
with  the  cover  taken  off  the  valve  chest  to  show  the  slide  valve  and 
ports. 

Fig.  173  shows  a  plan  of  the  valve  gearing  of  one  cylinder,  and 
a  longitudinal  section  of  the  cylinder  and  valve  chest 

The  scale  of  figs.  171,  172,  and  173,  is  i^  of  the  real  dimen- 
sions. 

A  is  the  ash-pan;  B,  the  grate;  C,  the  fire-box.  In  fig.  170, 
the  heads  of  the  bolts  which  tie  the  outer  and  inner  shells  of  the 
fire-box  together  are  irregularly  placed;  but  that  is  an  oversight 
in  the  engraving;  they  ought  to  be  ranged  in  vertical  and  hori- 
zontal lines.     D  is  the  fire-door. 

£  are  the  tubes,  extending  from  the  fij:e-box  to  the  smoke-box 
F.     G  is  the  lower  end  of  the  chimney. 

I  is  one  of  the  horizontal  feed  pumps,  worked  by  a  link  from  one 
of  the  eccentrics.  H  is  the  supply  pipe  from  the  water  tank  of  the 
tender;  K,  the  feed  pipe,  leading  to  the  boiler. 

L  is  the  water  space  round  the  fij:e-box;  M,  the  water  space  and 
steam  space  above  it 

N  are  longitudinal  ribs,  to  which  the  crown  of  the  fire-box  is 
stayed,  sa  explained  in  Article  312,  page  459.    The  crown  receives 
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additional  support  from  vertical  stay  bars,  hanging  from  the  sides 
of  the  steam  dome* 


Fig.  171. 

O  is  the  space  above  the  tubes,  in  the  barrel  of  the  boiler.  P  is 
the  steam  dome,  on  the  top  of  the  external  shell  above  the  fire-box. 
This  part  of  the  shell  in  the  engine  represented  is  of  a  radius  a 
little  greater  than  the  barrel  of  the  boiler;  but  in  many  engines 
(for  example,  those  of  Messrs.  Eatson  &  Co.)  it  is  made  of  the  same 
radius. 
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Q  is  one  of  the  safety  Yalves.  The  other  safety  valve  is  omitted 
in  fig.  170,  but  shown  in  fig.  169,  as  standing  on  the  middle  of  the 
barrel  of  the  boiler. 

R,  R,  R,  is  the  steam  pipe,  bringing  steam  down  from  the  dome, 
and  along  the  top  of  the  barrel 

S,  S,  the  regulator,  a  conical  valve  worked  by  a  screw.  T, 
branch  steam  pipe;  U,  slide  valve  chest;  V,  slide  valve;  W,  W, 
cylinder  ports;.  X,  cylinder;  Y,  exhaust  port;  Z,  exhaust  pipe. 
The  two  exhaust  pipes  unite  in  the  blast  pipe  a. 

5,  piston;  o,  piston  rod;  d,  connecting  rod,  driving  a  crank  on 
the  front  driving  .axle/;  e,  coupling  rod,  connecting  cranks  on  the 
front  driving  axle/,  and  hind  driving  axle  L  g,  front  driving 
wheel;  ky  hind  driving  wheel 

I,  forward  eccentric,  and  m,  backward  eccentric,  of  the  left  slide 
valve,  w,  forward  eccentric  rod;  o,  backward  eccentric  rod.  These 
rods  are  jointed  to  the  two  ends  of  the  link  p,  which  is  jointed  at 
the  centre  to  and  supported  by  a  nearly  vertical  bridle  or  lever, 
oscillating  about  a  fixed  centre,  r  is  the  slide  valve  rod,  and  q  the 
connecting  rod,  through  which  the  rod  r  receives  motion  from  a 
slider  in  the  link  p.  The  radius  of  the  centre  line  of  the  link  is 
the  length  of  the  rod  q.  The  slider  and  the  rod  q  are  shifted  into 
different  positions,  so  as  to  alter  the  expansion  or  reverse  the  engine 
when  required  (as  explained  in  Article  348,  page  497)  by  means 
of  the  rod  *,  connected  with  the  lever  t  A  pair  of  those  levers,  to 
act  on  the  two  link  motions  at  once,  project  from  the  rocking  shaft 
u.  On  the  left-hand  outer  end  of  that  shaft  is  a  vertical  lever, 
connected  through  a  long  rod  v  (partly  seen  in  fig.  170),  with  the 
handle  to,  by  means  of  which  the  engine  driver  controls  the  link 
motion*  When  that  handle  is  pushed  forward  or  pulled  back  as 
&r  as  it  can  go,  the  engine  is  in  full  forward  or  full  backward 
gear  respectively;  and  intermediate  positions  give  various  rates  of 
expansion  in  forward  or  backward  gear,  according  as  the  handle  is 
before  or  behind  its  middle  position. 

Xy  Xy  Xy  are  the  springs;  y,  a  balance  lever  to  distribute  the  load 
equally  between  the  two  pairs  of  driving  wheels,  notwithstanding 
irregularities  in  the  surface  of  the  rails;  z,  training  axle  and  wheel 

389.  i^tmmmihre  KH«liMa  gn  €«auBOM  Ummdm  of  various  forms 
have  been  invented  by  Mr.  Gumey,  Sir  James  Anderson,  Mr. 
Scott  Russell,  and  many  other  inventors,  and  were  at  one  time 
constructed  and  used  to  some  extent.  For  many  years  they  fell 
into  disuse;  but  have  been  revived  in  the  form  of  Mr.  Boydell's 
^'  traction  engine."  This  machine  is  adapted  to  drawing  long  trains 
of  heavy  laden  vehicles  at  a  low  speed,  such  as  four  or  five  miles 
an  hour,  and  appears  to  have  been  quite  successful.  To  insure  that 
the  driving  wheel  shall  take  a  sufficient  hold  of  the  road,  without 
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injuring  its  surface,  that  wheel  sucoessiyely  sets  down  in  finont  of 
itself,  runs  over,  and  picks  up  again,  a  series  of  flat  oblong  plates 
or  shoes,  which  form  a  sort  of  endless  tramway  for  the  wheel  to 
run  upon,  and  enable  it  not  merely  to  travel  on  roads,  but  on 
rough  and  soft  ground. 

SEcnoN  8. — Of  Steam  Turbines. 

390.  The  RcMtton  memm  KhcIm,  in  a  rude  form,  is  described  in 
the  Pneumoitics  of  Hero  of  Alexandria.  It  was  improved  and 
brought  into  use  to  a  limited  extent  by  Mr.  Ruthven.  Its  principle 
and  mode  of  action  are  analogous  to  those  of  a  reaction  water  wheel 
(Article  171,  page  190;  Article  176,  page  197),  but  existing  experi- 
mental data  are  not  si^cient  to  form  a  precise  theory  of  it 

391.  The  Fan  simm  KhcIm,  invented  by  Mr.  William  Gorman, 
is  analogous  in  its  principle  and  mode  of  action  to  an  inuxvrd  Jlow 
water  turbine  (Article  171,  page  191;  Article  173,  page  193; 
Article  174,  pages  194,  195,  196,  &c)  It  consists  of  an  outer 
annular  casing,  which  receives  steam  from  the  boiler,  and  discharges 
it  in  tangential  jets  from  its  inner  surface;  an  inner  cylindrical 
casing,  having  openings  at  the  centre  for  the  discharge  of  the  waste 
steam;  and  a  fan,  consisting  of  scoop-shaped  blades  radiating  from 
a  shaft,  which  rotates  within  the  inner  casing,  and  is  driven  by  the 
tangential  jets  of  steauL 

An  engine  of  this  kind  was  successfully  used  for  some  time  at  the 
Glasgow  City  Saw  MiUs,  and  was  considered  equal  in  efficiency  to 
an  ordinary  high  pressure  engine;  but  (as  in  the  case  of  the 
reaction  steam  engine),  sufficient  experimental  data  have  not  yet 
been  obtained  to  complete  a  precise  theory  of  its  action. 


Addendum  to  Auticlb  316. 
Veedl  Waior  nmMm^  TcMob  should  have  safety  valves  and  pres- 
sure gauges. 

Addendum  to  Ajiticle  376. 
Amongst  l^farecc  Actiag  Marine  Bagtaes  may  be  mentioned  the 
triple  engine  of  Mr.  Scott  Russell,  in  which  three  oscillating  cylin- 
ders radiate  in  three  equi-angular  directions  from  a  shaft,  and 
drive  one  crank. 


PAET  IV. 

OP  ELECTRO-MAGNETIC  ENGINES. 


392.  iMiMdiHctarsr  Bowurka. —  Although  the  principles  of  the 
development  of  mechanical  energy  from  chemical  action  through 
the  agency  of  electric  and  magnetic  forces  might  be  made  the  sub- 
ject of  a  voluminous  treatise  which  would  be  highly  interesting  in 
a  scientific  point  of  view,  the  amount  of  experience  of  the  actual 
working  of  electro-magnetic  engines  is  not  yet  sufficient  to  supply 
those  data  which  are  necessary  in  order  to  render  such  a  treatise 
practically  valuable.  In  the  present  work,  therefore,  a  brief  outline 
only  of  those  principles  will  be  given,  illustrated  by  descriptions 
of  three  forms  of  engine,  two  of  which  are  selected  on  account 
of  their  simplicity,  and  probable  efficiency,  though  hitherto  used 
as  pieces  of  philosophical  apparatus  only;  and  the  thiid,  on 
account  of  its  having  been  for  some  years  in  practical  operation. 

The  experimental  data  to  be  afterwards  referred  to  are  for  the 
most  part  due  to  the  researches  of  Dr.  Joule  and  Dr.  Andrews. 
The  theory  of  the  subject  was  first  correctly  set  forth  by  Professor 
Helmholtz,  and  Professor  William  Thomson,  in  a  series  of  papers 
published  respectively  in  Poggendorff's  Armalen,  and  in  the 
PkUosaphical  Tromscu^iona  and  FhUosophical  Jfagazinej  especially 
two  papers  in  the  PhUoaophical  Magasdns  for  December,  1851. 
The  summary  of  that  theory  which  will  be  given  is  in  the  main 
extracted  from  a  paper  by  the  Author  of  this  work  "On  the  General 
Law  of  the  Transformation  of  Energy"  {Phil.  Mag.,  1853V 

393.  snergT,  A^tval  tmA  Potential. — Energy  has  been  aefined  in 
Article  25,  page  32;  and  the  distinction  between  actual  and 
potential  energy  has  been  explained,  so  far  as  it  relates  to  mechan- 
ical energy,  or  energy  of  motion  and  of  force  tending  to  produce 
motion,  in  the  same  Article,  and  in  Article  31,  pages  35,  36.  It  has 
further  been  explained  in  Article  196,  page  224,  and  Articles  235, 
236,  pages  299,  300,  that  heat  is  a  form  of  energy.  In  order  to 
understand  the  application  of  certain  general  laws  respecting  energy 
to  electricity  and  magnetism,  the  definitions  of  energy,  actual  and 
potential,  must  be  extended  so  as  to  become  perfectly  general  and 
abstract,  as  follows : — 

A  capacity  for  performing  work  is  to  be  called  actual  enebgt, 
when  it  consists  in  a  state  of  present  activity  of  a  substance,  such 
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as  inotion,  heat,  carrent  electricity;  and  potential  enerot,  wlien 
it  consists  in  a  tendency  of  a  certain  magnitude  towards  a  change 
of  a  certain  magnitude,  such  as  mechanical  potential  energy  (that 
is,  weight  or  pressure  capable  of  acting  through  a  given  space), 
chemical  affinity,  electricai  tension,  magnetic  tension. 

The  general  law  of  the  transformation  of  energy  has  already  been 
stated  in  Article  244,  page  309.  The  principles  which  will  be 
explained  in  the  sequel  are  instances  of  its  application  to  the  actual 
energy  of  current  electricity,  and  the  potential  energy  of  electro- 
magnetic attraction.  ' 

394.  The  itnovr  •€  chemical  AcciMi  is  the  source  of  the  power 
of  electro-magnetic  engines,  as  it  is  of  that  of  heat  engines. 
Chemical  affinUy,  or  the  tendency  of  two  substances  to  combine 
chemically,  is  a  sort  of  potential  energy,  which,  when  the  substances 
actually  do  combine,  is  replaced  by  actual  energy  in  the  form  of 
heat,  or  of  current  electricity,  or  of  both  combined.  Examples  of 
the  quantities  of  energy  in  tiie  form  of  heat  produced  by  the  com- 
bination of  various  substances  with  oxygen  have  been  given  under 
the  head  of  "  Combustion,"  in  Articles  223,  224,  pages  267  to  273; 
and  those  quantities  can  be  expressed  in  foot-poimds  of  eneigy  by 
multiplying  by  Joule's  equivalent  of  a  British  thermal  unit,  772. 

It  is  sometimes  difficult  or  impossible  to  obtain  the  whole  eneig]r 
produced  by  a  given  chemical  combination  at  once  in  the  form  of 
heat.  In  that  case,  the  energy  may  be  obtained  first  in  the  form  of 
current  electricity,  and  reduced  aflei*wards  to  the  form  of  heat. 

The  following  are  the  data  of  the  greatest  importance  in  the 
theory  of  electro-magnetic  engines : — 

I.  Energy  developed  by  the  solution  of  one  lb.  of  zinc  in  Daniell's 
battery,  the  liquid  in  the  cells  being  a  solution  of  sulphate  of  copper 
in  water — 

British  UMmud 
nnita. 

Heat  produced  by  the  oxidation  of  the  zinc, 2342 

Heat  produced  by  the  combination  of  the  oxide  of )      ,g 
zinc  with  sulphuric  acid, j  ^ 


Deduct^ 


Heat  consumed  in  decomposing  sulphate  of ) 

oxide  of  copper, J      ^  ' 

Heat  consumed  in  decomposing  the  oxide  of )      ^ 


copper,. 


1419  X  772=  1,095,468  foot-lbs.  per  lb.  of  zinc. 
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This  is  less  than  one-tenth  of  the  total  energy  developed  by  burn- 
ing one  lb.  of  carbon. 

n.  Energy  developed  by  the  solution  of  one  lb.  of  zinc  in  Smee's 
batteiy,  the  liquid  in  the  cells  being  dilute  sulphuric  acid — 

British  tbennal 


Heat  produced  by  the  combination   of  zinc  with )  ^ 

oxygen  and  sulphuric  acid,  as  before, j      ^ 

Deduct — 

Heat  consumed  in  separating  water  from  sul- ) 

phurio  add  (about) j 

Heat  consumed  in  decomposing  water, 1906 

2106 

900 
900  X  772  =  694,800  foot-lbs.  per  lb.  of  zinc. 

This  is  about  one-sixteenth  p€Mi  of  the  energy  developed  by  burn- 
ing one  lb.  of  carbon. 

395.  CompiunuiTe  Cmm  of  Worklnf  g|gctr>  Mgaetic  Mmg^^e•  mmd 
Heat  BhcIum. — It  is  certain  that  the  efficiency  can  be  made  to 
approximate  much  more  nearly  to  untty,  the  limit  of  peifection,  in 
electro-magnetic  engines  than  in  heat  engines.  At  present,  how- 
ever, the  ratio  of  their  efficiencies  can  only  be  roughly  estimated; 
and  it  may  be  considered  as  a  favourable  view  towards  electro- 
magnetic engines,  to  estimate  their  greatest  possible  efficiency  as 
fotir  times  that  of  the  best  heat  engines  yet  known.  Taking  this 
into  account  along  with  the  results  of  the  calculations  in  the  pre- 
ceding Article,  it  appears  that  the  vx/rk  performed  per  pov/nd  ofiwnc 
ccnsiumed  may  be  estimated  as  follows : — 

I.  With  solution  of  sulphate  of  copper  in  the  cells,  A  of  the 
work  per  lb.  of  carbon  consumed  in  a  heat  engine. 

II.  With  dilute  sulphuric  acid  in  the  cells,  xV  =  1  of  the  work 
per  lb.  of  carbon  consumed  in  a  heat  engine. 

Before,  therefore,  electro-magnetic  engines  can  become  equally 
economical  with  heat  engines  as  to  cost  of  working,  their  working 
expense  per  lb.  of  zinc  consumed  must  fall  until  it  is  from  fowr- 
tenihs  to  OTie  quovrter  of  the  working  expense  of  a  heat  engine  per 
lb.  of  carbon,  or  of  coal  equivalent  to  carbon. 

The  present  price  (September,  1859)  of  sheet  zinc  is  between 
fifty  and  sixty  times  that  of  such  coal. 

It  is  evident  from  these  &ctB  and  calculations,  that  electro- 
magnetic engines  never  can  come  into  general  use  except  in  cases 
where  the  power  required  is  so  small  that  the  cost  of  material 
consumed  is  of  no  practical  importance,  and  the  situation  of  the 
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machineiy  to  be  driveD  is  such  as  to  make  it  veiy  desirable  to  have 
a  prime  mover  without  a  furnace. 

396.  An  Blecti'»«iiflMi€ia  oireidt  consists  of  a  batteiy,  with  a 
conductor  connecting  its  two  ends;  and  its  arrangement  may  be 
represented  symboliodly  as  follows : — 


CLZCLZCLZCLZ 


This  represents  a  batterj  of  four  ceils,  each  cell  being  denoted  by  the 
symbol  0  L  Z.  Z  denotes  a  plate  of  zinc,  the  substance  to  be  dis- 
solved ;  L  the  solvent  liquid,  containing  the  substances  that  combine 
with  the  zinc ;  G  a  plate  of  copper,  silver,  or  some  such  metal  which 
has  less  affinity  for  the  solvent  than  the  zinc  has,  and  which  acts 
merely  as  a  conductor.  The  brace  ^*v^  represents  symbolically  a 
metallic  wire  connecting  the  ends  of  the  liattezy.  The  chemical 
action  of  the  solvent  on  the  zinc  puts  the  entire  circuit  into  a 
pectdiar  condition  described  by  saying,  that  there  is  a  cwrrerU  of 
positive  dectricUy  cvrcfolaiing  tfmmgh  U,  in  each  cell,  from  Z  through 
L  to  0,  and  in  the  conductor  ^--^^  from  C  to  Z:  not  that  the 
existence  of  the  so-called  electric  fluid  or  fluids  has  been  proved, 
but  that  the  use  of  terms  borrowed  from  those  which  commonly 
denote  the  motion  of  fluids  is  a  convenient  way  of  describing 
electrical  phenomena.  The  endmost  portions  of  the  conductor, 
where  it  joins  the  battery,  are  called  the  electrodes;  the  positive 
electrode  joining  C,  the  negative  Z. 

The  strengtJi  of  the  electric  current  is  a  quantity  proportional  to 
the  weight  of  some  standard  substance  which  it  is  capable  of 
decomposing  in  an  unit  of  time.  It  is  expressed  in  units  of  such  a 
kind,  that  a  current  of  unit  strength  decomposes 

•02  grain  of  water  per  second,  or 
•0103  lb.  of  water  per  hour. 

The  strength  of  the  current  produced  by  a  given  battery  is  pro- 
portional to  the  quantity  of  zinc  dissolved  in  a  given  time  in  one 
ceU.  To  produce  a  current  of  unit  strength  requires  the  consump- 
tion in  each  cell  of 

•0728  grain  of  zinc  per  second,  or 
•03744  lb.  of  zinc  per  hour. 

Let  y  denote  the  strength  of  the  current;  z  the  anc  consumed 
per  cell  per  hour,  in  Iba ;  Sien 
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.(1.) 


^"•08744 

The  dedro-moHve  force  of  a  battery  is  a  quantity  such,  that  when 
it  is  multiplied  by  the  strength  of  the  current,  the  product  is  the 
enei-gy  produced  by  the  battery  in  a  given  time  (such  as  an  hour). 
It  is  proportional  to  the  number  of  cells. 

Let  M,  then,  denote  the  electro-motive  force  of  one  cell,  n  the 
number  of  cells;  also,  let  E  be  the  eneigy  developed  per  lb.  of  zinc 
consumed,  as  stated  in  Article  394 ;  then 

Mwy  =  Ew«. (2.) 

So  that 

M  =  K)3744  E  =  for  DanieU's  battery,  41014 ; )       ,3  v 
for  Smee's  battery,     26013.  J  ""^  '^ 

In  these  values  of  M,  it  is  to  be  borne  in  mind,  that  the  unit  of 
force  is  one  pound  weight,  and  the  unit  of  time  cm  howr.  In  Pro- 
fessor Thomson's  papers,  the  unit  of  force  is  ^^^  of  the  weight  of 

a  grain,  and  the  tmit  of  time  a  second. 

The  heat  produced  in  a  given  time  by  a  given  current  in  the 
same  circuit  is  proportional  to  the  square  of  the  strength  of  the 
current.     That  quantity  of  heat,  then,  is  expressed  by 

Ry2; (4.) 

Where  R  is  a  quantity  called  the  resisUmce'jof  the  circuity  being  the 
heat  developed  in  it  in  au  unit  of  time  by  a  current  of  imit 
strength. 

The  resistance  of  a  circuit  is  the  sum  of  the  resistances  of  the 
various  parts  of  which  it  consists,  comprehending  the  plates  and 
liquid  of  the  cells,  and  the  conductor  which  completes  the  circuit. 
The  resistances  of  conductoi's  made  of  a  given  substance  are  directly 
as  their  lengths  and  inversely  as  their  sectional  areas,  or  directly  as 
the  squares  of  their  lengths  and  inversely  as  their  weights.  Let  I 
be  the  length  of  any  one  conductor  in  a  circuit,  in  feet,  whether 
solid  or  liquid;  to  its  weight,  in  lbs.;  then 

B=2eS; (5> 

where  e  is  a  co-efficient  depending  on  the  material,  and  called  the 
spee^  reaiaUmee  of  that  material     Professor  Thomson  gives  values 

of  e  in  which  the  unit  of  force  is  -^^  of  a  grain  weight,  the  unit 
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of  mass,  that  of  a  grain,  and  the  unit  of  time  one  second:  to 
reduce  these  to  values  in  which  the  unit  of  force  is  one  pound 
weight,  the  unit  of  mass,  that  of  a  pound,  and  the  unit  of  tdme 
one  hour,  thej  are  to  be  multiplied  hj 

3600 
32-2  X  49000000  ' 

The  following  are  examples  of  the  results  of  that  reduction  for 
temperatures  of  50®  Fahrenheit : — 

Copper  wire, ^  =  from  176  to  128. 

Mercury, e=  10,356. 

When  the  circuit  produces  no  chemical  decomposition  out  of  the 
cells,  no  magnetic  induction,  and  no  mechanical  or  other  external 
work,  the  whole  of  the  energy  developed  by  the  chemical  action  in 
the  cells  takes  the  form  of  heat  in  different  parts  of  ^e  eirvuit^ 
This  fact  is  expressed  by  the  following  equation : — 

En«  =  Mwy=Ry«j (6.) 

one  of  the  consequences  of  which  is  the  following : — 

^  =  -R' (^•) 

or,  the  atrengih  of  the  current  is  direcdy  as  the  dectro-mative  force  and 
inversdy  as  the  resistcmce  of  the  circuit;  being  the  celebrated  prin- 
ciple known  as  "  Ohm*s  Law." 

Another  consequence  shows  the  rapidity  of  chemical  action  in  a 
given  circuit,  viz. : — 

M wy  _  M*7i* 
^*=  ^E"^  -  EET ^^') 


397.  KfllcleiMr  •r  Blectr«4MigBetlc  BBgiaea. — Equations  1,  2,  3, 
4,.  and  5  of  Article  396  are  applicable  to  all  electro-chemical  circuits 
whatsoever.  Equations  6,  7,  and  8  are  applicable  only  to  an  idle 
haUery,  as  it  may  be  called,  in  which  all  the  energy  is  spent  in  pro- 
ducing heat  in  the  materials  of  the  circuit. 

An  electric  circuit  may  move  mechanism  against  resistance,  and 
so  perform  mechanical  work,  in  three  ways. 

I.  By  the  mutual  attractions  and  repulsions  of  currents,  or  of 
parts  of  one  current.  Currents  in  the  same  direction  attract,  and 
currents  in  contrary  directions  repel  each  other.  This  method  has 
been  used  in  philosophical  apparatus  only. 

II.  By  the  attractions  and  repulsions  between  currents  and  per- 
manent magneta     A  magnet  placed  with  its  south  pole  towards  the 
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eye  of  the  spectator  attracts  currents  whose  direction  is  that  of 
right-handed  revolution  relatively  to  its  axis,  and  repels  those 
whose  direction  is  that  of  left-handed  revolution. 

in.  By  the  attractions  and  repulsions  between  temporary  and 
permanent  magnet&  A  conductor  coiled  round  a  soft  iron  bar, 
when  a  current  is  sent  through  it,  magnetizes  the  bar  in  that  direc- 
tion which  makes  it  attract  the  current,  according  to  the  principle 
stated  above  under  head  II. ;  when  the  current  ceases  the  magnetism 
ceases ;  when  the  current  is  reversed  the  direction  of  the  magnetism 
is  reversed.  Opposite  poles  of  magnets  attract,  similar  poles  repel 
each  other;  so  that  by  periodically  reversing  ^e  temporary  mag- 
netism of  a  soft  iron  bar,  it  may  be  made  to  take  a  reciprocating 
motion  towards  and  from  a  permanent  magnet 

I Y.  By  the  mutual  attractions  of  temporary  magnets. 

The  efficiency  of  the  engine  in  all  those  cases  is  governed  by  two 
principles :  1.  The  per/ormcmoe  of  external  toork  by  cm  electric  circuit 
produces  a  eomUera4!twe  force,  opposing  the  electromotive  force,  whose 
magnitude  is  equal  to  the  eoctenmal  work  performed  in  am,  unit  of  time 
divided  by  the  strength  of  the  currerU, 

Let  U  be  the  external  work  performed  in  an  hour  by  the  engine. 
This  gives  rise  to  a  certain  counteractive  force,  which  causes  the 
current  to  be  of  less  strength  than  that  which  the  battery  produces 
when  idle.  Let  y  be  the  strength  of  the  current  in  the  idle  circuit, 
as  given  by  equation  6  of  Article  396 ;  and  y'  the  strength  when  the 
work  IT  is  performed  per  hour.     Then  the  counteractive  force  is, 

and  the  strength  of  current  y'  is  the  same  as  if  the  electromo- 
tive force,  instead  of  being  M  w,  were  M n -,\  that  is  to  say, 

y  =nR m^ (^)- 

XL  y    MX 

This  principle  might  be  deduced  as  a  consequence  from  the  law 
of  the  conservation  of  energy;  for  multiplying  equation  1  by  y'  B, 
and  transposing,  we  find, 

U=:Mny'— By'2; (2), 

which  expresses,  thaJt  the  useful  toork  of  the  engine  is  the  excess  of  the 
tohole  energy  developed  in  the  haUery  M  n  y ',  above  the  energy  wasted 
in  producing  heat  B  y*^, 

2.  A  second  principle  is,  that  the  aitracUons  and  repulsiom  pro- 
duced by  a  given  circuit  and  apparatus  arranged  in  a  given  way 
an'e  proportional  to  the  square  of  the  strength  of  the  current  (a  law  dis- 
covered by  Mr.  Joule);  so  that  we  may  make 

2k 


.H() 
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TJ  =  A, 


where  A  is  a  £Bu;tor  depending  on  the  apparatus  used, 
equation  2  becomes 

Ay'2  =  Mny'— Ry'2 

Divide  by  y  and  transpose;  then 


-(3.) 


.(4) 


Mn 


y  = 


A  +  R'- 


.(5.) 


Hence  are  deduced  the  following  expressions : — 
For  the  rapidity  of  the  chemical  action^ 


nz'=.- 


Mny' 


M«n« 


E  E(A  +  Ry* 


.(6.) 


For  the  useful  work, 


U  = 


AlPn* 


(A+Rr 

For  the  efficiency  of  the  engine, 

U         Ay'         A      _  y  —  y 
y 


.{!.) 


Mny    Mn     A  +  R 


.(8.) 


From  which  it  appears  that  the  efficiency  of  the  engine  approxi- 
mates towards  unity  as  the 


<i> 


factor  A  increases;  but  at 
the  same  time  the  (sbtolnte 
work  performed  diminishes 
without  limit. 

398.  B«t«ti^  inm  k»- 
giae. — This  machine,  the 
simplest  of  all  electro-mag- 
netic engines,  but  lutherto 
used  in  the  lecture  room 
only,  is  the  result  of  a  dis- 
covery of  Arago's.  In  fig. 
174,  N  and  S  are  the  north 
and  south  poles  of  a  per- 
manent magnet,  so  shaped 
as  to  approach  very  near  to 
the  two  fauocA  of  a  copper 
disc  D,  near  its  lower  edge ;  that  diEic  turns  on  an  axis  A,  whose 
bearings  (not  shown  in  the  figure)  must  rest  on  inmilating  supports. 
The  lower  edge  of  the  disc  between  the  poles  of  the  magnet  dips 


Fig.  174. 
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into  a  cup  M,  oontaimng  mercuiy.  C  and  Z  are  conducting  wires, 
connecting  respectively  the  axis  of  the  disc  and  the  mercuiy  in 
the  cup  with  the  electrodes  of  a  galvanic  battery.  Bj  the  ar- 
rangement shown  in  the  figure,  an  electric  current  is  made  to  pass 
from  the  positive  electrode  to  the  axis  of  the  disc;  thence  through 
the  disc  to  the  mercuiy,  and  thence  to  the  negative  electrode  of  the 
battery.  The  action  of  the  poles  of  the  magnet  on  the  disc  is  shown 
by  the  diagram,  fig.  175.  S  is  the  magnet,  with  the  south  pole 
exposed  to  view;  the  arrow  head  on  the  circle  shows  the  direction 
of  the  revolving  current  to  which  the  magnet  is  equivalent  A  B 
and  A  E  are  two  portions  of  the  current  in  the  disc,  from  the  axis 
to  the  mercury.  According  to  the  principle  that  currents  in 
the  same  direction  attract  each  other,  and  currents  in  opposite 
directions  repel  each  other,  the  magnet  attracts  A  B  and  repels  A  E, 
and  so  keeps  up  a  continuous  rotation  of  the  disc  in  the  direction 
B  £.  The  direction  of  rotation  can  be  reversed  by  reversing  the 
current;  that  is,  by  connecting  A  with  Z  and  M  with  C. 

399.  Botattag  Bar  BagfaM. — ^This  machine^  the  invention  of  Mr. 
Webster,  is  shown  in  fig.  176.  N  S,  N  S, 
are  two  semicircular  permanent  magnets 
fixed  within  a  frame  of  brass  or  other  dia- 
magnetic  material,  and  having  two  gaps 
between  their  pairs  of  contiguous  poles, 
which  are  similar,  as  indicated  by  the 
letters.  M  is  a  mercury-cup  of  non-con- 
ducting material  on  a  pedestal;  it  is 
divided  into  two  parts  by  a  diametral 
non-conducting  partition,  in  the  plane  of 
the  permanent  magnets,  as  shown  in  fig. 
177.  In  the  centre  of  the  cup  stands  a 
pivot,  on  which  rotates  the  horizontal  soft  iron  bar  A  B;  the  two 
arms  of  that  bar  are  encircled  by  the  two  portions  of  a  long  coil  of 
conducting  wire.  The  two  ends  of  that  coil  dip 
into  the  two  halves  of  the  mercury  cup,  which 
halves  are  connected  with  the  electrodes  of  a  battery 
by  the  wires  C  Z.  The  ends  of  the  soft  iron  bar 
pass  between  the  poles  of  the  permanent  magnet,  so 
as  to  come  veiy  near  them,  but  not  to  touch  them. 
To  pitKluce  rotation  in  the  direction  indicated  by  the  arrow,  the  coil 
round  the  bar  A  B  is  so  arranged  that  when  the  end  A  is  moving 
from  S  S  to  N  N,  and  the  end  B  from  N  N  to  S  S,  A  is  a  south 

pole,  and  B  a  north  pole.     Then  g  f  ^  "I  athLsted  ]  ^^  ®  ^»  *"^^ 
{ J^^^led^  }  l>y  N  N.    At  the  inst»nt  that  the  ends  of  the  bar 
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pass  the  poles  of  the  permanent  magnets,  the  ends  of  the  coil  pass 
over  the  diametral  partition  into  the  opposite  halves  of  the  meiciuy 
cup;  the  current  through  the  coil  is  reversed,  and  reverses  the 
magnetism  of  A  6,  and  the  attractions  and  repulsions  between  its 
|)oles  and  those  of  the  permanent  magnets;  and  so  the  rotation  is 
kept  up.  To  reverse  the  rotation,  the  connections  between  the 
halves  of  the  mercury-cup  and  the  electrode  are  reversed. 

400.  The  Pianger  Sngiae,  invented  by  Mr.  Froment,  and  made 
by  Mr.  Bourbouze,  is  represented  in  figures  178,  179,  and  180, 


Fig.  178. 

It  is  now  used  to  a  considerable  extent  in  France,  for  driving  small 
machines  in  places  where  it  would  be  inconvenient  to  have  a  steam 
engine  with  its  furnace  and  boiler.  It  bears  some  analogy  in  it^ 
form  and  arrangement  to  a  steam  engine  with  four  cylinders, 
pistons,  slide  valves,  beam,  crank,  and  eccentric 

Fig.  178  is  a  side  elevation;  fig.  179,  an  end  view,  showing  twc» 
of  the  cylinders;  ^g.  180,  a  plan  of  the  four  cylinders. 

A  A,  B  B,  are  four  soft  iron  hollow  cylinders,  enveloped  in  coils 
of  conducting  wire ;   C  C,  D  D,  are  horse-shoe  magnets,  each  of 
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which  is  so  shaped  that  its  ends  form  a  pair  of  cylindrical  plungers, 
moving  up  and  down  in  the  hollow  cylinders,  with  just  freedom 


Fig.  179. 


Fig.  180. 


enough  to  prevent  contact;  H  G  F  E  is  the  beam,  from  which  the 
magnetic  plungers  are  hung ;  F  its  centre ;  H  K  the  connecting 
rod;  K  L  the  crank;  L  the  shaft  and  eccentric.  The  shaft  carries 
a  fly  wheel 

a  6  a  is  a  slide  moved  by  the  eccentric,  the  parts  a  a  being  of  ivory, 
and  b  of  metal )  cdOy  conducting  wire  from  the  metallic  part  h  of  the 
slide  to  the  negative  electrode ;  p,  conducting  wire  from  positive  elec- 
trode ;  q  n,  conductors  from  p  to  the  coil  round  A  A ;  rm,  conduc- 
tora  fit)m  p  to  the  coil  round  B  B;  ^,  conductor  fi^m  the  opposite 
end  of  the  coil  round  A  A,  terminating  in  the  spring  6,  which  presses 
on  the  slide  aha;  /*,  conductor  from  the  coil  round  B,  terminating 
in  the  spring/  wliich  presses  on  the  slide  aha.  The  reciprocating 
motion  of  the  slide  establishes  the  electric  circuit  through  the  coils 
round  A  A,  and  round  B  B,  alternately,  and  thus  magnetizes 
alternately  those  two  pairs  of  hollow  cylinders,  which  attract 
alternately  the  two  pairs  of  magnetic  plungers,  C  C,  D  D,  and 
give  a  recipi-ocating  motion  to  the  beam,  and  a  rotatory  motion  to 
the  shaft. 
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No.  1.— Part  I.,  Chapter  IV. 

The  H[«ne-P*w«r  Bagtee  is  one  in  which  a  horse,  while  prawing  with 
his  shoulders  against  a  collar  attached  to  the  frame  of  the  engine,  driTes 
backwards  with  his  feet,  by  the  action  of  walking,  an  endless  travelling 
roadwav,  from  which  motion  is  communicated  to  machinery.  The  action 
of  the  horse  is  exactly  similar  to  that  of  a  horse  drawing  a  yehide ;  and 
his  tractive  force  and  daily  work  are  probably  the  same. 

This  kind  of  en^ne  was  invented,  and  fint  constructed  and  tried  for 
the  purpose  of  traction  on  Railways,  at  a  speed  exceeding  the  most  effident 
speed  of  the  horse,  by  Mr.  H.  Brandreth  of  Liverpool,  in  1829.  (See 
Wood  On  Railroads^  edition  of  1881,  page  804).  Its  use  as  a  railway 
locomotive  engine  was  immediately  abandoned ;  but  it  is  now  employed 
with  {Treat  convenience  and  advantage  in  America,  for  driving  portable 
saw-mills  and  farming  machines ;  and  is  thus  described  by  Mr.  Whitworth, 
in  his  Report  on  the  J^'ew  York  Industrial  Exhibition  of  1863,  chapter  v., 
article  26 : — ^^  It  ...  .  consists  of  a  stout  frame,  supporting  a  railway 
"  about  7  feet  long,  on  which  run  the  rollers  of  an  endtess  travelling  plat- 
^^  form.  The  axles  of  the  rollers  are  of  iron,  |  inch  diameter,  stretdiing 
^'  across  the  rails,  and  are  connected  together  by  a  series  of  links,  each  about 
^^12  inches  long,  so  as  to  form  an  endless  chain,  which  passes  over  a  fixed 
'^  segment  at  one  end,  and  the  chain- wheels  at  the  other.  The  travelling 
''  platform  is  made  by  planks  of  wood,  about  12  inches  broad  and  1^ 
^^  inches  thick,  fastened  transversely  to  the  endless  chain.  It  is  inclined 
^'  at  an  angle  of  about  7°  to  the  norizontal  line,  and  the  horse  being 
^'  placed  on  the  platform,  pushes  it  backwards  from  under  him,  which  causes 
'■'■  the  chain -wheels  at  the  end  of  the  frame  to  revolve ;  and  the  motion 
^^  thus  obtained  is  conveyed  to  the  circular  saw,  or  other  machine  re- 
*^  quired  to  be  driven.  Some  horse-power  machines  are  made  to  admit 
*'  two  horses  abreast." 

No.  2.— Articles  292,  293. 

KflcteMCT  •€  Pr«pcll«n. — ^This  subject  cannot  be  discussed  except  in 
a  treatise  on  the  forms  of  ships.  In  the  present  work,  all  that  can  be  done 
is  to  ^ve  a  bri^  summary  of  the  leading  prindples. 

The  efficiency  of  a  propeller  is  the  ratio  of  the  work  performed  in  a 
^ven  time  in  driving  the  ship,  to  the  work  performed  by  the  engine  in 
movinff  the  propdler.  {A  pair  of  paddles  is  to  be  hdd  to  constitute  one 
propeller).  The  difference  between  those  two  quantities  is  the  energy 
exerted  by  the  propeller  in  giving  motion  to  the  water. 

Let  Ri  represent  at  once  the  resistance  of  the  water  to  the  motion  of 
the  ship,  and  the  pressure  exerted  directly  backwards  by  the  propeller 
gainst  the  water  m  lbs.,  these  two  forces  being  equal  when  the  velodty 
of  the  ship  is  uniform. 
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Let  V  be  the  vdocitj  of  the  ahip  in  feet  per  second ;  g^  the  accelerating 
effect  of  eravity  in  a  second  =7  82*2 ;  tr,  the  weight  of  a  cubic  foot  of 
water  =  mm  62*4  to  64  lbs. ;  A,  a  multiplier,  which  depends  mainly  on 
the  dimensions  and  fiffure  of  the  ship,  and  which,  thougn  not  absolutely 
constant  at  different  vdodties,  is  nearly  constant  throughout  the  ordinary 
variations  of  speed  of  one  given  steamer ;  then  the  resistance  of  the  ship 
may  be  thus  expressed : — 

^  =  ^^Pg (»•) 

Let  y  +  S  be  the  backward  velocity  of  the  propeller,  relatively  to  the 
skip^  in  feet  per  second ;  that  is — 

y  +  S  =  revolutions  per  second  X  circumference  of  paddle 
through  centres  of  action  of  floats  (which  centres  are  at  the 
middle  of  feathering  floats,,  and  about  i  of  the  breadUi  from 
the  outer  edges  of  £ced  floats), 
y  +  S  =  revolutions  per  second  X  pitch  of  screw.    S  is  called  the 
*^«Ztp"  of  the  propeller,  and  its  value  for  paddles  ranges  from  }  y  to  }  y, 
and  for  screws  from  t\j  y  to  y . 

Let  c  S  be  the  velocity  of  the  current  driven  directly  backwards  by  the 
propeller,  whether  paddle,  screw,  or  jet,  or  of  any  other  Idnd. 

Let  a  be  the  sectional  area  of  the  space  in  wnich  the  propeller  acts ; 
that  is,  the  area  of  one  pair  of  paddle-floats,  or  of  the  screw^disc^  or  of 
the  jet,  as  the  case  may  be ;  ib  a,  the  sectional  area  of  the  current  driven 
backwards.  Then  the  force  exerted  directly  backwards  by  the  propeller 
against  the  water  is — 

H,  =  'J^^}?J3, (2.) 


.(3.) 


Equating  the  expres&ons  1  and  2,  we  find 
S_     A 

y"2TFS' 

The  work  performed  per  second  in  propelling  the  ship  is  Ri  y ;  the 
work  performed  by  the  engine  in  driving  the  propeller,  Ri  (y  +  S).  It 
appears,  Uien,  that  the  efficiency  of  the  propeUer  is — 

VTS  =  l-^(l  +  2A-a)' (*•> 

The  coefficient,  c  ib,  can  only  be  found  empirically.  For  paddles,  it 
depends  on  the  figure,  number,  arrangement,  and  manner  of  movinjg  of 
the  floats ;  for  screws,  on  the  number,  arrangement,  breadth,  form,  pitch, 
and  depth  of  immersion  of  the  blades,  and  also  on  the  figure  of  the  vessel, 
accordmg  to  laws  which  have  not  yet  been  fully  ascertained.  The  foUow- 
ing  are  some  of  its  values : — 

For  feathering  paddles  with  Elder*s  plate  iron  floats,    about  1*4 

For  various  dmerent  screws, fi^)m  1*0  to  1*6. 

To  exemplify  the  influence  of  the  efficiency  of  the  propcdler  upon  the 
resultant  efficiency  of  the  whole  combination  of  furnace,  boUer,  cylinder, 
mechanism,  and  propeller,  the  case  may  be  referred  to,  which  has  been 
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taken  as  an  example  in  Article  293,  and  aa  Example  I  in  Artide  289. 
In  the  articles  citea  it  is  shown,  that 

the  effidencj  of  the  furnace  and  boiler  was, 0'M2; 

the  efficiency  of  the  steam, 0*123 ; 

the  efficiency  of  the  mechanism,  (see  page  427), 0.81 ; 

1S*15 

and  the  effidency  of  the  propeller  (a  pair  of  plate  inm  feather- }     rv -^ 

ing  paddles)  was  found  to  be i     "  '® ' 

consequently, 

resultant  emdency  of  mechanism  and  propeller,      0*78  X  0'81  =:  0*63 ; 

resultant  effidencj  of  combination,  0*542  X  0*123  X  0*63  =  0*042. 

No.  8.— Abticles  297,  298. 

SHpcrhcatodl  Stcaat  BaglMM. — According  to  recent  experiments  on  the 
large  scale,  by  Mr.  Penn,  upon  marine  engines,  which  he  latdy  fitted 
wi&  superheating  apparatus,  about  20  per  cent  of  fad  was  sayed  by 
superheating  steam,  at  a  pressure  of  20  lb.  per  sauare  inch  aboye  the 
atmosphere,  to  the  extent  of  100°  Fahrenheit.  Mr.  Penn's  paper  will 
probaoly  appear  in  the  Transactions  of  the  Institution  of  Mechanical 
Engineers  lor  September,  1859. 

No.  4.— Article  387. 

The  Ommtcr  mmA  ImMemiimt  should  haye  been  induded  amon^  the 
appendages  of  steam  engines.  The  indicator  has  been  fully  ex^lamed  in 
preyious  parts  of  this  work.  The  counter  (inyented  by  Watt,  and  miproyed 
by  others;  records  on  dial-plates- the  number  of  strokes  made  by  the  engine. 

No.  5.— Article  844. 
B«Hllibrlaai-Plat*B  f«r  (NMe  Talye. — Mr.  Bourne  balances  partially 
the  pressure  on  the  back  of  the  slide- yalye  by  connecting  it,  through  a 
link,  to  a  piston  in  a  yery  short  cylinder  at  the  back  of  the  wye-chest,  the 
area  of  the  piston  bdng  a  litUe  less  than  that  of  the  yalye. 

Xo.  6. — ^Addenda  to  Table  IL 

Values  of  y  =  ^  -r  K^    Air,  1*408 ;  Oxygen,  1*4 ;  Hydrogen  1*418 ; 

Nitrogen,  1*409;  Steam-gas,  1-304.*     Ice,  D,  =  57*5;  S.  G.  =  092; 

C  =  0*504;  K  =  889. 

No.  7.— Density  of  Steail 

Experiments  by  Mr.  Fairbaim  and  Mr.  Tate  compared  with  theory : — 

BAtioofTolnineor 
Temp .  fteam  to  yolmne  of 

Fahr.  water. 

By  theoiry.     Bj  ezper. 


Dilt 


Ratio  ofyoliimeof 
Tevlp.  tteam  to  Tolnme  (tf 

Fabr.  water. 

Bt  theory.     By  ezper. 
244°  936  896  40 

245  920  890  30 

257  756  751  5 

262  698  684         14 


Dlft 


268''         685  633  2 

270  616  604  12 

283  50G  490  16 


The  fact  that  all  the  results  of  theory  exceed  those  of  experiment  may 
arise  from  a  difierence  in  the  yalue  assumed  for  the  yolume  of  water.  The 
theoretical  results  are  based  on  the  mtnimum  yolume  of  water,  at  39^*1  F. 

No.  8.— Feed  Appabatus. 
A  recent  inyention  for  this  purpose  is  a  jet  pump  driyen  by  a  steam  jet 
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L— Tablb  of  Hbiohts  dttb  to  Yslocities. 


EXPLANATION  OF  STMBOLS. 

V  =:  Velocity  in  feet  per  second. 
h  =  Height  in  feet  =  v%  64-4. 

This  table  is  exact  for  latitude  54^1,  and  near  enough  to  exact- 
ness for  practical  purposes  in  all  parts  of  the  earth's  surface. 


I  '0^553  «7  1 1 320  54        45279 

a  -06211  38  13*174  $6        48*695 

3  -13975  29  13059  58        52-235 

4  -24844  30  13-975  60        55900 

5  '38819  31  14-933  62        59*688 

6  55900  32  15900  64        63*601 

7  -76086  32-2  16-100  64*4     64-400 

8  '99377  33  16*910  66        67-639 

9  1*2577  34  17*950  68        71*800 

10  i'5528  35  19*021  70        76*086 

11  1*8789  36  20*124  72        80-496 

12  a-2360  37  21*257  74        85*029 

13  2*6241  38  22*422  76        89*688 

14  3-0434  '39  23618  78        94*471 

15  3-4937  40  24*844  80        99*377 

16  3'975i  41  26*102  82  104*41 

17  44875  42  37*391  84  109-56 

18  5-0310  43  28*711  86  114-84 

19  5'6o55  44  30-062  88  120-25 

20  62111  45  3^*444  90  125*77 
31  6*8477  46  32857  92  131-43 

22  7*5153  47  34*301  94  137*20 

23  82141  48  35*77^  9^  143*10 

24  8-9439  49  37*282  98  149*13 

25  9*7048  50  38819  100  155*28 

26  10*497  52  41*987 
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IIL 
Table  of  the  Elasticity  op  a  Pbrpect  Gas. 


EXPLANATION  OF  dYMBOL& 

T. — Temperature,  measured  from  the  ordinaiy  zero. 
t, — ^Absolute  temperature,  measured  from  the  absolute  zero. 
P. — Pressure  of  a  perfect  gas  in  pounds  avoirdupois  on  the  square 
foot 

V. — ^Volume  of  one  pound  avoirdupois  in  cubic  feet. 

PV. — Product  of  these  quantities  at  any  given  temperature. 

PgYo. — Value  of  that  product  for  the  temperature  of  melting  ioe. 


Ctntigtide. 

Fthranhtit. 

PV 

T 

( 

T 

( 

PoVo 

-30° 

344' 

-33° 

439-3 

0-8905 

-»5 

•  249 

-13 

••••  448-a  

09088 

—  20 

»54 

-  4 

457-3 

0*9270 

-15 

a59 

+  5 

466-3 

09453 

—  10 

264 

14 

475-3 

09635 

-  5 

269 

'3 

484-3 

0-9818 

0 

.     274 

279 

32 

41 

....    ilO^'2    

I  'OOOO 

+  5 

....     fyQ  —     

5022 

I -0182 

10 

284 

SO 

511-2 

10365 

15 

289 

59 

520-2 

1-0547 

20 

294 

68 

529-2 

1-0730 

2lS 

•     299 

304 

77  •••• 

86 

...     5382       

547-2 

1-0912 

I -1095 

^0  •••••••• 

30 

35 

309 

95 

556a 

1-1277 

40 

314 

104 

5652 

I -1460 

45 

319 

"3 

574-2 

1-1643 

CO 

02^ 

132 

-...  5832  

5922 

11825 

1-2007 

0" 

55 

0^^ 

329 

131 

60 

334 

140 

601 -2 

1-2190 

65 

339 

149 

6io-2 

1-2373 

70 

344 

158 

619-2 

1-2555 

75 

80 

349   

354 

167 

176 

....    628-2    

1-27^8 

637-2 

1-2920 

85 

359 

185 

646-2 

1-3103 

flo 

364 

194 

<555-2 

1-3285 
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Centigrade. 

Fahrenhttt. 

PV 

T 

«. 

T 

t 

l^oPo 

95° 

369^ 

203** 

664*2 

13468 

lOO  . 

374 

212  . 

6732  

1-3650 

105 

379 

221 

6822 

1-3832 

no 

384 

330 

691-2 

1-4015 

"5 

389 

239 

700*2 

1-4197 

120 

394 

248 

709-2 

1-4380 

125. 

399 

257  . 

718-2  

1-4562 

130 

404 

266 

727-2 

1-4744 

135 

409 

275 

7362 

1-4927 

140 

414 

284 

745-2 

1-5109 

145 

419 

293 

754-2 

1-5292 

150. 
155 

A2A. 

,,, Q02  . 

763-2  

772-2 

1-5474 

499 

3" 

1.5657 

160 

434 

330 

781-2 

1-5839 

165 

439 

3»9 

790-2 

1-6022 

170 

444 

338 

799-2 

1-6204 

175. 

449 

347  • 

8082  

1-6387 

180 

454 

35<5 

817-2 

1-6569 

185 

459 

365 

8262 

1-6752 

190 

464 

374 

8352 

1-6934 

195 

469 

383 

8442 

1-7117 

200  . 

474 

399  • 

8532  

1-7299 

205 

479 

401 

862-2 

1-7481 

210 

484 

410 

871-2 

1-7664 

215 

489 

419 

880-2 

1-7846 

220 

494 

428 

889-2 

1-8029 

230 

504 

446 

907-2 

1-8394 

240 

SH 

464 

925-2 

1-8759 

250. 
260 

5*4 

534 

483  . 

500 

QAO'2     

I'0I24 

•  Vt-j  ^  

961 '2 

y      ^ 

19489 

270 

544 

5x8 

979-2 

1-9854 

280 

554 

536 

997-2 

2*0219 

290 

564 

554 

IOI5-2 

2-0584 

300. 
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574 

584 

....   K^2  . 

.10^^-2  

2-0040 

590 

I05I-2 

2-I314 

320 

594 

608 

1069-2 

2-1679 

330 
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626 
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2-2044 
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644 
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2-2409 
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662  . 

112^-2  

2-2774 
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""lit 

2*3139 
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23504 
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2-3869 
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Centigrade. 
T  I 


390" 
400  , 
410 
430 

430 
440 

450 
460 
470 
480 
490 
500  . 
520 
540 
560 
580 
600  , 
620 
640 
660 
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700 
730 
740 
760 
780 
800 
820 
840 
860 
880 
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920 
940 
960 
980 
1000 


664^ 
.  674 
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694 
704 
714 

•  724 
734 
744 
754 
764 

.  774. 
794 
814 

834 
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.  874. 
894 
914 
934 
954 

•  974 
994 

1014 
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T094 
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"54 
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JTalueDiieit* 
T  I 
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1 1 48  1609-2 
II84  1645-2 
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1364  1825-2 
1400  1861*2 
1436        1897-2 

1472  1933*2 

1508  1969-2 
1544  20052 
1580  2041*2 
1616        2077-2 

1652  2II3-2 

1688  2149-2 

1724  2185-2 

1760  2221-2 

1796  2257-2 

1832 2293*2 


PV 

PoVo 

24234 
24599 
2-4964 

25329 
25693 

2-6058 
26423 
26788 

27153 
2-7518 
27883 
2-8248 
2*8978 

2-9708 

3-0438 
3-1 168 
3-1898 

3-2628 

3-3358 
3-4088 
3-4818 

3*5547 
36277 
3*7007 

3-7737 
3-8467 
3-9197 
3-9927 
4-0657 
4-1387 
4-2117 
42847 
4-3577 
44307 
45036 
4-576<5 
4-6496 
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Absolute  tempenttire  (see  Temperatnre), 

Absolute  zero,  228. 
Accelerating  e£fort,  SS, 
Acceleradon,  18. 
Aotoal  eneiKT}  86. 
Adheaon  oiTooomotivee,  528. 
Adiabatic  lines,  802,  319. 

for  air,  346. 

for  steam,  388. 
£ther  (see  Ether). 
Air  engines,  846. 
Air  engine,  perfect,  847,  862. 

temperature  changed  at  constant  pres- 
sure, 864. 

temperature  changed  at  constant  yolnme, 

heat  transfened  at  constant  pressure,  871. 
Air,  expansion  and  elastidtj  of,  229. 

for  fuinaoes;  supply  and  distribution  of, 
280,  281,  286,  &1. 

flow  of,  824. 

passages.  469. 

thenmJ  lines  for.  846. 

thennodynamic  nmction  for,  846. 

thermodynamic  properties  of,  818, 819. 

vessels,  148. 
Air-pump,  482,  608.  -  _ 

pump  valves,  128. 
Angular  motion,  3. 

velocity,  4. 
Animals,  power  of,  81. 
Anthracite,  276  (see  Fuel). 
Ash,  274. 

pit,  460,  468. 
Asses,  work  of,  89. 
Atmospheric  pressure,  109, 226. 
Available  heat  of  combustion  (see  Com- 
bustion). 
Axis,  permanent,  27. 
Axles,  strength  of^  76,  78, 79. 

Back  pressure  (see  Steam,  Back  Pres- 
sure oQ. 

Backwater  of  mill  pond,  16L 

Bafflers,  261,  461. 

Bahmce  of  oentriftigal  forces  and  couples, 
27. 
of  effort  and  resistance,  81. 

BaU  chick,  120. 


Bars,  strength  of,  66. 
Batteiy,  galvanic,  642. 
Beam  of  steam  eneine,  482,  610. 
Beams,  strength  of,  75. 
Bmaiy  vapour  enghies,  444. 
Bituminous  unguents,  16. 

ingredients  of  fael,  278. 

coal,  276  (see  Fael). 
BUst  pipe,  218,  285,  288,  481,  631. 
Blind  coal,  266  (see  Fuel). 
Blow  through  valve,  481. 
Blowing  apparatus  for  furnaces,  282,  290, 

Blowing  off  apparatus,  468,  464,  621. 

in  locomotives,  680. 
Boiler,  parts  and  appendaf»s  of,  461. 

heating  surface  or  (see  Heatmg  Surface). 

horse-power  of  (see  Nominal   Horae- 
power\ 

room,  4o2. 

shell,  461,  469. 

sUys,  69,  466,  469. 
Boners,  efficiency  of,  290. 

and  nunuioes,  general  arrangements,  419. 

examples  o^  w9. 

strength  of;  67,  70,  469,  466. 
Boiling  points,  226, 286,  287,  241. 

rosistanoe  to,  of  brine,  242. 
Bolts,  strength  of,  66, 69,  71. 
Brakes,  62. 
Breast  of  a  water  wheel,  184. 

wheels,  high,  160, 177. 

wheels,  low,  161. 
Bridge  of  furnace,  460,  462. 
Brine,  boiling  points  of,  242. 

blowing  off,  463,  464. 

pumps,  468,  464. 
Bucket  hoist,  106. 

Buckets  of  water  wheels,  162, 180, 188. 
Burning  (see  Combustion). 
Bursting  (see  Explosion). 
Butterfly  dack,  128. 

CAL0BD1ETSB8  foT  measuring  quantities 

of  heat,  244. 
Capacity  for  heat  (see  Specific  Heat). 
Carbonj268,272,278. 
Carbomo  acid  gas,  expansion  and  elasticity 

of,  229. 
add  gas,  269. 
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Carbonio  oxide,  260. 
Cataract,  486,  624. 
Centrifbgal  fbioe,  27. 

couple,  27. 
Channel,  flow  of  water  in,  154. 
Chait»aL274(8eeFQel> 
Chemical  action,  energy  of,  267,  540. 
Chemnitz  (see  Schemmtz)^ 
Cheral,  force  de,  2. 
Chimnej,  285,  288, 451,  459. 
Clacks,  117. 

compound,  144. 

relief,  144. 
Clearance.  418. 
Clothmff  for  boOeiB,  455. 

for  c^nden,  481. 
Cloudy  vapour,  242. 
Coal,  275  (see  Fu(d> 
Cocks,  126. 
Coke,  275  (see  Fuel> 
Cold  well,  481. 

water  pump,  481, 508. 
Collar,  leather,  128. 
Columns,  strength  of,  78. 
Combined  ensmes,  482. 
Combustion,  267. 

air  required  for,  280. 

ayaiy>le  heat  <^  29a 

rate  of,  284. 

total  heat  of,  267, 270,  277. 
Compression  (see  CuahioDing^ 

heating  by,  819. 
Concentric  cjlinder,  502. 
Condensatioo,  241. 

at  high  pressure,  412. 

of  steam  during  expanaon,  385. 

surface,  265. 

water,  net,  889,  401. 

water,  total,  481,  507. 
Condenser,  481,  507. 

surface,  481,  509. 
Condensing  eneines,  478. 
Conduction  of  heat,  257. 

in  cjlinders,  421. 
Conical  ralye,  118, 485. 

divided,  120. 
Connectmg  mechanism  of  steam  engines, 
510. 

rod,  482. 

rods,  strength  of,  74. 
Contraction  of  stream,  94,  102,  150,  156, 

824. 
Convection  of  heat,  261. 
Cooling  surface,  265. 

bj  expansion,  819. 
Coznish  boiler,  472. 

pumping  engine,  87,  528. 
Counter,  552. 

Counterpoise,  480  (see  Balance). 
Cranes,  UTdrauHc,  183. 


Crank,  482,  511. 

enbrt  on,  511. 
Cranks,  strength  o^  75,  79. 
Cross  breaking,  resistance  to,  75. 
Cro68>heads  rnd  tails,  strength  o^  75. 
Crushing,  resistance  to,  72. 
Crust,  internal,  in  boiler  (see  Deposity. 

external,  468. 

increased  consumption  of  fuel  eanaed  hj, 
468. 
Current^  water  wheel  m  an  open,  188. 
Cushiomne  the  fluid  in  enginee,  886,  884 

steam.  420. 
Cut  off  (see  Steam,  action  of). 

valve  (see  Expansion  valve). 
Cylinder,  822,  480,  500. 

cover,  481. 

strength  of,  67,  500. 
Cylindmal  boiler,  470-474^  476. 

Daxpebs,  451, 455. 
Dead  plate,  282,  449, 458. 

points,  512. 
Deposit  in  boilen,  467 
Detached  fomace  boikr,  279, 288, 449, 458, 

475. 
Deviating  force,  26. 
Diagram,  indicator  (see  In^oator). 
Diaphragm  valves,  126. 
Direct  acting  eE^nea,  489,  512,  518,  520, 

525. 
Disc  and  ^vot  valve,  128. 

electro-ma^pxetic  ennne,  546. 

steam  engme,  482,  504. 
Donkey  en^e,  464.  , 

Double  actmg  steam  engine,  50, 479. 

beat  valve,  120, 485, 500. 

cylinder  steam  engine,  50, 481, 501,  508. 

furnace  boUers,  2&,  478, 474, 476. 

piston  engine,  508. 
Draught  of  furnace,  285. 
Droimed  weir,  15L 
Dry  coal,  275  (see  Fuel). 
Duplex  cylinder,  502. 
Dynamometers,  40. 

EnuLLinoK,  241. 

Eooentrio,  490. 

loose,  491. 
Eoonomi«r  (see  Beeenerator). 
Eduction  valvea,  480, 486. 
Effect,  40. 
Efficieninr,  86. 

conditions  of,  greatest,  in  heat-engines, 
844. 

of  a  fall  of  water,  91. 

of  air  engines,  845. 

of  electro-magnetb  engines,  544. 

of  fbznaoe  and  bcnler,  ^0. 

of  mechanism,  422. 
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Efficiency  of  propeDerB,  560. 

of  steam,  475  (see  also  Steam,  action  of> 

of  the  flnid  in  heat  enginea,  882, 84S. 

of  tnrbinea,  198. 

of  Teitfeal  wateiwwheels,  174. 

of  windmills,  218. 
Effort,  80. 

Elasticity  of  eases,  229. 
Electio-dieBueal  oiroait,  642. 
Eleotro-maenetic  attractions  and  repol- 
8ion8,644. 

bar-engine,  547. 

disc-engine,  646. 

engines,  689. 

engines,  effidenoy  o^  544. 

engines,  their  cost  cf  woiidng,  as  oom- 
parea  with  heat-engmes,  641. 

plnnger-engine,  648. 
Electro-motive  force,  648. 
Energy,  actual,  86,  680. 

and  work,  eanality  of,  82,  840. 

intrinsiG,  818. 

law  of  the  transformation  of,  809,  640. 

of  chemical  action,  267,  540. 

of  heat,  299. 

potential,  82.  589. 
Equilibrium  valve,  122,  486. 

slide-valve.  489. 
Equivalent,  dynamical,  of  heat,  299. 
Equivalents,  chemical,  267. 
Escape  valve,  481. 
Ether,  formula)  for,  287, 446. 

and  steam  engine,  446. 

table  for,  v.,  668. 
Evaporation,  285^  241. 

factors  of,  266. 

latent  heat  of  (see  Latent  heat> 

measurement  of  heat  by,  264. 

total  heat  of,  268,  827. 
Exhaust  port,  487. 
Expansion  by  the  slide  valve,  491. 

coolinff  by,  819. 

free,  822. 

latent  heat  of  (see  Latent  heat). 

of  gases,  229. 

of  liquids,  882:    .;'  -'^Oi. 

of  solids,  284. 

valves,  480,  498,  499.  ^ 
Expansive  action  of  heat  in  fluids^  810. 

action  of  steam  (see  Steam,  action  of,  on 


Explosion  of  boHers,  466. 

Fall  of  water,  91. 

ener^  of,  98. 
Fan  blower,  290. 
Fan  steam  engine,  688. 
Feed  apparatus,  462,  464, 562. 

pump,  462,  464. 
Feed-water  heater,  262, 294, 688. 


Feed-water,  net,  889,  401. 

total,  464. 
Fifth  powers  and  squares,  167. 
Fire  bars  (see  GrateX 
Fire  box,  k9, 462. 

strength  of,  69. 
Fin  doors,  279, 282,  460,  468. 
Fire,  temperature  of,  288. 
Firing  fdmaces,  281,  291. 
Flame,  278. 

chamber,  flame  bed,  460. 
Flap  valves,  122, 123. 
Flexible  tube  valves,  126. 
Flexure,  moment  of,  76. 
Float  in  boiler,  468. 
Floats  of  water  wheel  (see  Vanes). 
Flow  of  water,  measurement  of,  92. 

through  channel,  164. 

through  pipes,  118. 
Flues,  460,  462,  461. 

strength  of,  70. 
Fluid  condition,  286. 
Fly  wheels,  69,  482. 
Foot-pound,  1. 
Frame  and  mechanism  of  engine,  strength 

of,  620  (see  Straigth> 
Friction,  74. 

heat  produced  by,  299. 

offlmds,66,99. 
Fuel,  ingredients  of,  278. 

available  heat  of  combustioD  of,  290. 

kinds  of,  274. 

rate  of  combustion  oi^  284* 

snpnlvofairto,  280. 

total  neat  of  combustion  of,  277. 

waste  of,  290. 
Furnace  (see  Combustion  and  Fuel). 

and  boiler,  efficiency  of,  290, 406,  409. 

and  boiler,  general  arrangements  of,  449. 

efficiency  ot  in  air  engines,  860,  870. 

examples  oi;  469. 

fitmt,  460,  468. 

gas  engine,  874. 

height  of,  467. 
Furnaces,  pAits  and  appendages  of,  449. 
Fusible  plug,  464. 

Fusion,   temperatorsB  of  (see    Melting 
points). 

latent  heat  of  (see  Latent  heat). 

Gab,  490. 

Gas,  perfect,  226,  666. 
Gases,  expanaon  and  elastidty  of,  229, 810, 
664,  666. 
flow  of,  824. 
Gasefioation,  total  heat  of,  266,  827. 
Gasket,  129. 
Governors,  68,  168, 480. 
Grate,  286,  449, 465. 
Grates,  moving,  288, 457. 
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Gravity,  19. 

Grease,  16. 

Grease-cock.  481. 

Guides  for  piston  rod,  482, 512. 

Gyration,  radins  of,  28. 

Head  of  water,  91. 
Head,  loss  of,  100. 
Hearth,  449,  457. 
Heat,  224. 

engines,  228,  882. 

engines,  acdon of  flnid onroston,  887. 

dynamical  equivalent  of,  299. 

latent  (see  Latent  heat). 

medhanical  action  of  (see  Thermody- 
namics). 

quantities  of,  248j  800. 

specific  (see  Specific  heat). 

total  actual,  8U5. 

transfer  of,  257. 

unit  of,  244. 
Heating  sur&ce«  262,  293,  461. 

total  and  effective,  462. 
Height  due  to  velocity,  21. 

table  of,  558. 
Hempen  packing,  129. 
Hi^h  pressure  steam  engines,  478. 
Hoist,  water  bucket,  106. 
Hoists,  water  pressuse,  188. 
Horse  engine,  550. 

power,  2,  40,  50   (see  also  Indicated 
power). 

power,  effective,  of  steam  en^ne,  422. 

power,    nominal  J}xe  Nominal  horse- 
power). 
Horses,  work  of,  88. 
Hot  well,  482. 
Hungarian  machine,  144. 
Hydraulic  cranes,  188, 188. 

hoists,  188. 

press,  66,  129. 

press,  strength  of,  69. 

purchases,  188. 

ram,2lL 
Hydrocarbons,  as  unguents,  16. 

as  fuel,  273. 
Hydrogen,  268,  269,  272,  278. 

Ice,  melting  of,  225,  331. 
Impulse,  20. 

offlui'18,211. 

of  water,  163,  211. 
Indicator,  steam  engine,  47. 

friction  of,  422. 

position  of,  422. 
Indicated  power,  50,  51,  332,  839,  875. 
Indicator  diagram,  theoretical,  875. 

diagram,  disturbances  of,  417. 
Induction  valves,  480,  486. 
Inertia,  21. 


Inertia,  moment  o^  22. 

reduced,  28. 
Injection  water  (see  Condensation  waterX 

valve.  481,  508. 
Integrals,  approzimato  computation  of^  1 1- 
Isodiabatic  lines,  845. 
Isothermal  lines,  802. 

Jacket  round  steam  cylinder,  895,  481. 
Jacketed  cyhnders,  action  of  steam  in  (see 

Steam,  dry  saturated). 
Jet  pump,  218. 
Journals,  friction  of,  16. 

strength  of,  75,  79. 
Junk  ring,  129. 

Keys,  strength  of,  71. 

Kilogramm&tre,  1. 

Knot,  or  nautical  mile,  per  hoar,  2. 

Lap  of  slide  valve,  491. 

Latent  heat  of  ezpanmon,  250, 309, 812, 819. 

heat  of  evaporation,  252,  825,  559,  563. 
564. 

heat  of  frision,  250,  881. 
Lead  of  slide  valve,  49 L 
Leather  collar,  128. 

packed  piston,  128. 
Levers,  strength  of^  75. 
Link  motion,  497. 
Liquefaction  (see  Condensation). 
Liquid  state,  235. 

water  in  cylinder,  eSecto  of,  895,  421. 
Liquids,  expansion  of,  282. 
Locomotive  steam  engines,  469,  528. 

adhesion  of  wheels,  528. 

air,  supply  of,  281. 

back  pressure  in,  882. 

balancing,  530. 

blast  pipne,  588. 

combustion  in,  285. 

condensing,  412. 

efficiency  of  furnace  and  boiler,  293. 

examples  of,  532. 

expansion  in,  491. 

furnace  and  boiler,  449,  456,  457,  459, 
460,  463. 

heating  cylinder,  896. 

link  motion,  497. 

relator,  485. 

resistance  of  regulator,  418. 
of  engine  ana  train,  529. 

safety  valves,  465. 

smoke  bummg,  282. 
Low  pressure  steam  engines,  478. 

Machine,  action  of,  1. 
Man,  work  of,  84. 

hole,  452. 
Marine  boUers,  474,  477. 

steam  engmes,  479,  516,  518,  525, 588. 
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Mass,  19. 

Mecbanum  of  steam  engines,  478. 

resistanoe  and  efficiency  of,  422. 
Melting  (see  Fosion). 

poiDto,  226,  235,  251. 
Mercnrial  barometer,  pressure  gauge,  and 
▼acanm  gance,  110. 

thermometer,  288. 
Metallic  packing  for  pistons,  405. 
MiU  pond,  150. 

site.  91, 150. 
Modnhis  of  a  machine,  89. 
Moment  of  friction,  17. 

of  motion,  2L 

of  resistance,  8. 

statical,  8. 
Momentnm,  19. 

Montfapiece  of  ftumace,  460, 458,  476. 
Mad  hole,  462. 
Moles,  work  of,  89. 
Multitobnlar  boilers  (see  Tabular  boilers). 

NoMorAL  hors^-power  of  engines,  479. 

of  boilers,  478. 
Non-oondensing  en^es,  478,  480. 
Notch  board,  ^w  oyer,  98. 

Oil,  16. 

Orifice,  flow  of  water  throaeh,  95. 
Osdllating  endnes,  482,  6(3,  618. 
Oven,  or  detached  ftnrnace,  283, 449,  475. 
Overshot  water  wheels,  160, 177. 

wheels  at  high  speeds,  185. 
Oxen,  work  on  89. 
Oxygen,  268,278. 

Packing,  hempen,  129. 

leather,  128. 

metallic,  605. 
Paddle  ennnes,  516-520,  688. 
Paddles,  raidency  of,  660. 
Parallel  motion,  482,  612. 
Passages,  resistance  of,  to  flow  of  steam, 

^38,485. 
Peat,  276  (see  Fnel> 
Pendulum,  rerolving,  26. 
Periodical  motion,  87. 
Pillars,  strength  of,  78. 
Pins,  strengtli  ol|  71. 
Pipes,  flow  of  water  through,  112. 
Piston,  action  of  water  on,  110, 128. 

of  water  en^^e,  128h 

rods,  606. 

strength  of,  74. 

valTes,  126, 141. 
Pistons  of  steam  and  other  heat  enenes, 
882,480,606. 

adyantages  of  long  stroke,  507. 

speed  0^506. 
Pivots,  friction  0^17. 


Ping  rod,  486. 

Plunger,  127. 

Pond,  mill,  150. 

Ports,  steam,  418,  480,  485. 

Posts,  strength  of,  74. 

Potential  energy,  82. 

Power,  40. 

muscular,  81. 

of  a  fall  of  water.  91. 

of  an  overshot  wheel,  185. 

of  an  undershot  wheel,  188. 

of  turbines.  198. 

of  windmills,  218. 

(see  also  Efficiency). 
Pkess,  hydraulic,  66. 
Pressure,  back  (see  Back  preseure). 

^uges,  110, 454. 

mtenntv  of,  4. 

loss  of,  418. 

mean  efibctive,  50,  61. 

mean  effective  in  air  enmes,  858,  359, 
367,  368,  373. 

mean  efiective  in  heat  engines,  839. 

mean  eflbctive  in  steam  engines,  378, 888, 
899, 401. 

various  units  of,  5, 110,  888. 
Pressures,  costomaTy  mode  of  stating,  108, 

427. 
Prime  movers  defined,  13. 

classed,  80. 
Priminff,  481. 
Proof  of  strength,  65. 
Proving  boilers,  466. 
Pump  brakes,  b6,     , 
Pumping  eng^es,  688,  525. 

QnAirmTBS  of  heat^  248. 
of  heat  expressed  in  foot-pounds,  300. 

Badiatioit  of  heat,  257. 

from  ftiel,  228, 292. 
Bam,  hydraulic,  211. 
Beaction  steam  engine,  638. 

of  water.  173. 

water  wheel,  190, 197,  206. 
Bedprocating  fioroe,  86. 
Begenerator.  844. 
Besnlators  (see  Throttie  valve),  62,  115. 

BelSSrdaekBLl44. 

Besistanoe  ot  electric  circuit,  643. 

of  locomotive  engines  and  tnons,  529. 

of  steam  engine,  422. 

of  steam  passages,  413. 

of  water  jripes  snd  channels  (see  Flow 

to  conduction  of  hett,  267. 
Betort  b<Hler,  470. 
Bevernng  engines  br  loose  eccentric,  491. 

by  link  motion,  496, 
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Ri?etB,  Btrensth  of,  71  (see  also  Boiler 

shells). 
Road  locomotives,  637. 
HoUinjS  reitstanoe,  17. 
RotatiTS  steam  engines,  479. 
Rotatory  steam  engines,  478, 482,  508. 
Raptore,  modnlns  of,  77. 

Safrt  valve,  119.  4c4,  464. 
Sails  of  windmills,  217,  219. 
Schemnitz  machine,  144. 
Screw  engines,  628,  626. 

propeller,  effidencv  of,  550. 
Sector  cylinders,  50a. 
Sediment  in  boilers  (see  Deposit). 

collector,  458. 
Shafts,  482. 

of  marine  engines,  620. 

strength  of,  75,  78,  79. 
Shearing,  resistance  to,  7L 
Side  lever  engines,  616. 
Single  acting  steam  engines,  50, 888,  884, 

889  478. 
Slide  valves,  124,  480, 486. 

long,  487. 

short,  488. 
SHp  dock,  hydranlie  purchase  for,  184. 
Slnices,  153, 156. 
Smoke,  278. 

box,  461. 

prevention  o^  281. 
Smiting  valve,  481. 
Solids,  expansion  of,  284. 

melting  points  of,  285. 
Soot,  278. 

Sonnd,  velocity  of,  249,  821. 
Sonroe  of  water,  measurement  at,  92. 
Sources  of  water  power,  91. 
Specific  heat  of  lianids  and  solids,  246, 555. 

heat,  dynamical^  real  and  apparent,  807, 
816. 

heat  of  eases,  248.  318,  554. 
Spheroidal  state  of  fluids,  288. 
Starting,  88. 

Stays  (see  BoQer  sta:p,  Fire  box  stsgrs)- 
Steam,  action  o^  against  known  reustaDce, 

action  of,  on  piston,  50,  51,  875,  377, 

887,  896,  568. 
action  of^  practical  examples,  404. 
and  ether  engine,  446. 
approximate  formule,  892,  402. 
back  pressure  of,  881. 
chest,  461,  460. 

density  of,  280,  826,  552,  558,  564. 
dry  saturated,  action  o^  396. 
elasticity  of,  280. 
engine,  reristanoe  and  efficiency  of  me* 

chanism,  422. 
enfpnes  dassed,  478. 


Steam  en^es,  parts  of,  480,  484. 
ffas,  properties  of,  255,  820,  827,  480. 
how  to  interpolate  quantities  in  tab]e8,8S0. 
in  ui^acketed  cylinder,  887. 
hitent  heat  of,  252,  825. 
passages,  414,  485. 
pipe,  413,  454,  480. 
pressure  of  saturation  of,  287. 
room,  462. 
superheated,  or  steam  gas,  provisional 

theory  ofl  430. 
tables  relatmg  to  action  of,  IV.,  559 ; 
VL,564;  VTL,  VIIL, 668 ;  IX., 441; 

tables,  interpolation  in,  880. 

thermodynamic  function   and   thermal 
lines  for,  888. 

total  heat  o^  827. 

valve  (see  Induction  valve). 

whistle,  456. 
Steel  boOerB,  465. 
Steeple  engines,  549. 
Stop  valve,  454, 480. 
Stoppmg,  88. 
Stream  (see  Flow^. 
Strength  of  machmes,  64. 
Stroke  of  piston,  advantages  of  long,  507. 
Struts,  iron,  78. 

timber.  74. 
Stuffing  box,  481. 
Suction  pipe,  105. 
Superheating  steam,  262,  428,  552. 
Surface  blow,  455. 

condensation  (see  Condensation). 

cooling  (see  Cooling  sorfiuse). 

heating  (see  Heating  suifaoe> 

Tappets,  486. 
Temperature,  224, 225,  306. 
Tenacity,  66. 
Testing  sbength,  65. 
Thermal  lines,  802. 

for  air,  845. 

for  steam,  888. 

unit,  244. 
Thermodynamic  functions,  809, 814. 

functions  for  air,  846. 

functions  for  steam,  388. 
Thermodynamics,  223, 299. 

first  kw  of,  299. 

genera]  equation  o^  810. 

second  law  of,  806,  807. 
Thermometers,  226,  282, 806. 
Throttle  valve.  128,  485. 

resistanoe  or  to  steam,  418,  480. 
Torsion,  resistanoe  to,  78. 
Total  heat  of  combustion  (see  Combnilion). 

actual  heat.  805. 

of  evaporation  (see  EvapomtionX 

of  gasefication  (see  Qasefication). 
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Transport  of  loads  by  mascolar  power,  88. 

Trajurerse  strenj^h,  76. 

Treble  cylinder  enginea,  502. 

Traok,  481,  482. 

Tabee  of  boilers  and  tnbe  plates,  4dL  452, 

460,461. 
Tabular  boilers,  468, 474,  476. 
Turbines,  steam,  588. 

water,  189,  201.  . 
Toi^  276  (see  Fuel). 
Twisting,  resistance  to,  78.      - 

and  bending,  79. 

Uhdebshot  water  wheels,  161, 186. 
Undnlations  of  indicator  diagram,  422. 
Un^nts,  16. 

Unjaoketed  steam  engine,  887. 
Uptake,  451,  475. 

Vacotw  (see  Pressore,  Onstomarf  Mode 
of  Stating;  also  Steam,  Back  Pres- 
sore ot). 

ganges,  110,  481. 

TalTe,454. 
Valves,  117  (see  also  Clacks). 

chest,  480. 

mring,482,485,486,490. 

slide  (see  Slide  valves'). 

steam,  resistanoe  of,  413. 
Vanes,  impulse  of  water  on,  168. 

best  form  of,  170. 

friction  of  water  on,  171. 
Vanours,  nroperties  of,  286,  325,  826,  654. 

angular,  4. 

of  piston  (see  Piston). 
Vertical-tube  boilers,  461,  476. 

inverted  screw  marine  engine,  526. 
Voxtex  water  wheel,  191,  198,  197,  198, 
.      207. 

Waoov  boiler,  469. 


Waste-alaioe,  158. 
Waste  weir,  150. 
Water  blower,  218. 

bucket  engines,  105. 

bucket  hout.  105. 

expansion  of,  by  heat,  109. 

gauge,  454. 

mipulse  0^  163. 

measurement  of  flow  of^  92. 

meters,  148. 

power,  91. 

power  engmes,  97. 

pressure  en^es,  107, 138. 

pressure  hoists,  183. 

room.  462. 

tube  boilers,  461,  476. 

wheel  ^vemon,  158. 

wheel  m  an  open  current,  188. 

wheel,  vertical,  choice  of,  177. 

wheels,  horisontal  (see  Turbines). 

wheels,  vertical,  160, 160, 174, 177, 186. 
Weir,  flow  over,  93, 150. 
Windmills,  214. 
Wire-drawn  steam,  418, 417. 
Wood,  276  (see  Fuel). 

hearth  for  burning,  467. 
Work^l. 

against  an  oblique  force,  6. 

against  gravity,  8. 

against  varying  resistance,  9. 

algebraical  expressions  for,  5. 

during  retardation,  85» 

in  terms  of  angular  motion,  8. 

in  terms  of  pressure  and  volume,  4. 

of  acceleration,  18. 

represented  by  an  area,  8. 

summary  of,  24. 

summation  of  quantities  of,  6. 

useful  and  lost,  IS. 
Wrenching,  resistance  to,  78. 

Z-OBANK  engine,  482. 
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